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Disclosed are methods for 
enriching specific cell types from 
cell mixtures. Included in the 
methods are the use of precisely de- 
fined cell separation media, a cell 
separation apparatus that includes 
a constriction defining a lower re- 
gion and a defined cell separa- 
tion medium. The constriction pre- 
vents mixing between the upper 
and lower portions of the tube. 
Also disclosed is a density adjusted 
cell separation technique used to 
augment the above methods. In ad- 
dition, the invention includes spe- 
cific methods for isolating CD34+ 
hematopoietic progenitor cells, nu- 
cleated fetal cells, and breast tu- 
mor cells. The isolation methods 
are useful in various diagnostic and 
therapeutic regimens. 
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CELL SEPARATION APPARATUS AND METHOD 

1. FIELD OF THE INVENTION 

5 The present invention relates to methods of enriching for a desired cell 

population from cell sources, such as body fluids, disposed tissue specimens and 
cultured cells. In particular, the method uses a cell-trap centrifugation apparatus which 
contains a defined density medium for separating lower density cells from cell popula- 
tions. The method may be augmented by selectively increasing die densities of 
10 unwanted low density cells using micropaiticles having covalently attached cell attach- 
ment molecules. 

2. BACKGROUND 

Isolating specific cell types from biological fluids and tissues is often desirable 
15 for clinical diagnostic and therapeutic applications. In the clinical diagnostics field, 
there is a need, for example, for morphological analysis of tumor cells, fetal karyoty- 
ping, and tissue typing procedures. Therapeutically, there is a need, for example, for 
purging cells or tissues intended for use in autologous cellular or tissue transfusions or 
transplantations, e.g. purging tissues of viral antigens and tumor cells. There is also a 
20 need for enriching or isolating desirable cells for use in transplantations, e.g. for use in 
ex vivo expansion of hematopoietic cells intended for allogeneic and autologous 
transplantation. 

Several methods are known in the art for separating desirable cells from body 

fluids. Such methods include separating cells based upon buoyant density in a cell 
25 separation composition (U.S. Pat. No. 4,927,750), separating serological factors on 

density gradients using latex beads coated with anti-serological factor (U.S. Pat. No. 

3,862,303), separating cells through die use of a magnetic field (U.S. Pat. No. 

4,777,145), and separating T and B cells on density gradients (U.S. Pat. No. 

4,51 1,662). Cell separation methods known in the art may have the disadvantage of 
30 cell loss due to the sticking of cells to tubes and pipettes. 

There is need for rapid and efficient means of isolating relatively rare 

populations of cells for diagnostic and therapeutic procedures. The present invention 

fills this need by providing methods of isolating or enriching minor populations of 
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desirable cells from cell sources or mixtures containing multiple cell populations. 
Moreover, the invention provides for collection of enriched cells in a high yield. 

Specifically, it is the discovery of die present invention that by providing 
highly defined cell separation media having precisely measured specific densities, 

5 specific, defined populations of cells can be isolated. Moreover, the invention provides 
a cell-trap centrifugation apparatus that greatly enhances collection of cells by this 
process. Alternatively or in addition, the process is enhanced by use of a density 
adjusted cell sorting step (DACS), to provide a higher level of specificity to the 
separation process. Hie invention also provides specific methods for isolation of three 

10 specific cell types that are important in diagnostic and therapeutic methods - fetal 
nucleated cells, hematopoietic progenitor (CD34+) cells, and breast tumor cells. 



3. SUMMARY QF TfljE INVENTION 

In one aspect, die invention is directed to a cell-separation apparatus useful in 

IS isolation of cells by density methods. The apparatus includes a centrifugation tube that 
has a constricted region situated within the tube. The constriction member is construct- 
ed and positioned to retain fluid in the bottom portion of the tube when die tube is 
inverted. This feature permits decantation of the tube without substantial mixing of 
contents between compartments. The constriction preferably defines one or more 

20 downwardly sloped surfaces having lower edge regions defining an opening, which may 
be any shape, or which may form a plurality of openings, so long as it operates to 
retain fluid upon tube inversion. In a preferred embodiment, the constriction is an 
annular ring. Preferably, die annulus is constructed for forced fit into the tube for 
variable positioning within the tube. 

25 The apparatus also includes a cell separation medium contained in die bottom 

portion of the tube. The medium is present in the tube to a level above the opening 
formed by the constriction. In this way, cells that are captured at an interface between 
the cell-separation medium and a lower density cell-loading medium can be discharged 
with the lower-density medium when the tube is inverted, without mixing with the 

30 contents of die bottom portion of the tube. 

In a more specific embodiment, the centrifuge apparatus includes a tube with 
an annular member disposed therein. The annular member defines an opening having 
an area less than die area of a cross section of die tube. The annular member may be 
integrally formed in the tube, or it may be movable along the internal length of die 
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tube, for adjustment of volumes. The tube also contains a density gradient solution 
which fills the lower portion and a part of die upper portion of the tube to a level at 
least above the opening in the annular member. For isolation of a specific cell type, the 
density gradient solution has an osmolality of 280 ± 10 mOsm/kg H 3 0 and a specific 
5 density within 0.0005 gr/ml of the specific density of the desired cells. 

Specific embodiments of the apparatus of the invention include a closed 
system, which includes a tube having a constriction member and a closed top. Ports in 
the top serve as conduits for introduction of fluid into this tube embodiment, which may 
also include a port that communicates to the bottom portion of die tube. Alternatively, 

10 another embodiment of the apparatus of the invention is a centrifogable syringe 

described herein. Hie syringe includes a plunger with a constricted region that forms a 
fluid receiving space in the syringe bottom similar to the fluid receiving space formed 
by die constriction in the above-described tube apparatus. 

The invention also includes the above-described apparatus in specific configu- 

15 rations defined for isolation or enrichment of specific cell types. For isolation of 

specific cells, the apparatus includes cell separation medium having a specific density 
that is within at least ±0.0005 gr/ml, and preferably within at least ±0.0002 gr/ml of 
the specific density of the desired cells. In preferred embodiments, for isolation of 
CD34+ hematopoietic progenitor cells the medium will have an osmolality of 280±10 

20 mOsm/kg H 2 0 and a specific density of 1.0605 gr/ml; for isolation of fetal nucleated 
cells from maternal blood the specific density has an osmolality of 280±10 mOsm/kg 
H 2 0 and a specific density of 1.0720 gr/ml; and for isolation of breast tumor cells, the 
separation medium has an osmolality of 280±10 mOsm/kg H 3 0 and a specific density 
selected from the range 1.0490-1.0580 gr/ml, and more preferably, 1.0580 gr/ml. 

25 In a related embodiment, die invention includes methods of isolating selected 

cells from cell mixtures, according using die above-defined apparatus. The method 
includes adding a cell mixture to the apparatus, centrifuging die apparatus at a gravita- 
tional force sufficient to pellet cells having specific densities greater than the specific 
density of the density gradient material in said tube, and collecting selected cells from 

30 the upper portion of the tube. 

The method of the invention further includes, in specific embodiments, 
methods of isolating or enriching CD34+ hematopoietic progenitor cells, breast tumor 
cells, and fetal nucleated cells from cell mixtures. Based on the applicant's discovery 
that highly defined media can be used to isolate specific cell types, the invention 
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includes using the specific density and osmolality conditions described above, i.e., using 
media defined to ±0.0005, or preferably to ±0.0002 gr/ml, to isolate cells in a single 
specific density medium. CD34+ cells that can be isolated include colony forming cells 
and cells with long term initiating capacity. Fetal nucleated cells include nucleated red 

5 blood cells and trophoblasts. In another embodiment, the invention includes a method 
of isolating natural killer cells or natural suppressor cells using a medium having a 
density of 1.0605±0.0005 gr/ml and an osmolality of 280±10 mOsm/kg H,0. 

In yet another embodiment, the method of the invention includes a incubating 
the cell mixture from which cells are to be isolated with cell type-specific binding 

10 agents linked to carrier particles prior to centrifugation through cell separation medium. 
In a preferred embodiment, die particles will have a specific density that is at least 
0.001 gr/ml greater than the specific density of said cell separation medium, for 
sedimentation of unwanted cells to which the binding agents are directed. Binding 
agents used in this aspect of the invention may include antibodies, lectins, cytokines and 

IS the like. A specific binding agent that is useful in depleting leukocytes is anti-CD4S 
antibody. Alternatively, the specific binding agents can be directed to the cells of 
interest for selective sedimentation thereof. Specific embodiments include carrier 
particles formed of silane-activated silica, and preferably 3-aminopropyltriethoxy silane- 
activated silica. 

20 

4. BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1A-C show cross-sectional views of a centrifugation apparatus of die 
invention, illustrating the steps of isolating or separating cells according to one of the 
methods of the invention; 
25 FIGS. 2A and 2B show schematic cross-sectional (2A) and perspective (2B) 

views of an embodiment of the centrifuge tube apparatus that includes a shield; 

FIG. 3 shows a cross-sectional view of an alternative embodiment of the 
constriction member of the centrifuge apparatus with a valve; 

FIGS. 4A-F show cross-sectional views of alternative embodiments of the 
30 lower portion of the tube and constriction member of the invention; 

FIGS. SA and SB show cross-sectional views of further alternative embodi- 
ments of the invention having multiple constriction members; 

FIG. 6 shows an alternative embodiment of the centrifuge tube apparatus in a 
closed system suitable for processing of sterile specimens; 
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FIG. 7 shows a centrifugable syringe embodiment of the centrifuge apparatus 
of the invention; 

FIGS. 8(A-D) show a schematic drawings comparing conventional (8 A,B) 
with density adjusted cell sorting procedure (8 C,D); 
5 FIGS. 9A-9C shows a comparison of cell numbers in three cell preparations 

isolated by the conventional method using "FICOLL" as the density material (Fig. 9A), 
"FICOLL" plus cell-trap tubes (Fig. 9B), and adjusted "PERCOLL* density gradient 
plus cell-trap tubes (Fig. 9C); 

FIG. 10 shows the distribution of colony forming units (CFU's) in interface 
10 and pellet fractions; 

FIG. 11 shows distribution of different types of CFtTs in interface and pellet 

fractions; 

FIG. 12 shows distribution of long-term culture initiating capability (LTC-IC) 
in interface and pellet fractions; 
IS FIG. 13 shows distribution of T cells in interface and pellet fractions; 

FIG. 14 shows distribution of natural suppressor activity in different density 

fractions; 

FIG. 15 shows distribution of natural killer activity in different density 

fractions; 

20 FIGS. 16A-16 show flow cytometric analysis of CD34+ cell enrichment after 

density gradient centrifugation plus density adjusted cell sorting; 

Figures 17A-17D illustrate the enrichment of 4 types of breast tumor cells 
using the cell separation method of the present invention; and 

Figures 18A-18D illustrate breast tumor cell enrichment of breast tumor cells 
25 spiked in a cell at a specific density of 1 .0580 g/ml. 

5. DETAILED DESCRIPTION OF THE INVENTION 

The present invention relates to methods of rapid and high yield isolation or 
enrichment of a desired cell population from body fluids, dispersed tissue specimens, 
30 cultured cells and their components. The method is based on density gradient centrifu- 
gation of selected cell mixtures using highly defined density gradient media. More 
specifically, the present invention includes a specially designed cell-trap centrifugation 
tube apparatus containing density gradient solution that maximizes yield and improves 
efficiency of the collection process. 
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The general invention also includes, and is exemplified by, cell separation 
methods for isolation of specific cell types: fetal cells, hematopoietic progenitor CD34+ 
cells, and breast tumor cells. Each of these cell types illustrates an important diagnostic 
and/or therapeutic use of cells isolated by the methods of the invention. For example, 
5 as described herein, nucleated fetal cells can be isolated from circulating maternal blood 
for the purpose of performing a variety of genetic analyses, e.g. karyotyping. Breast 
tumor cells can be isolated from circulating blood for the purpose of performing 
diagnostic tests, e.g. cytological examination, or for the purpose of purging tumor cells 
from a blood sample intended for subsequent re-infusion, e.g. transfusions or trans- 
it) plants. Hematopoietic progenitor cells can be isolated from blood or bone marrow for 
use as donor cells in bone marrow transplantation. 

5.1 DENSITY GRADIENT CELL SEPARATION METHOD 

This section describes cell separation methods using specific density gradients 

IS in accordance with die invention. More specifically, the sections that follow contain 
descriptions of particular aspects of the invention: (1) the use of a cell-trap centrifuga- 
tion tube in conjunction with a defined cell separation medium to isolate specific cell 
types (Section 5.1. A); (2) the use of a single-step precise density gradient medium to 
isolate particular cell types (Section 5.1.B); and (3) the use of carrier particles coupled 

20 to specific binding agents to enhance the efficiency of the cell separation processes of 
the invention (Section 5.2). In addition, isolation of exemplified cell types using the 
methods of the invention are described in Section 5.3. 

5.I.A. Cell-tran Centrifuge Apparatus 

25 In a preferred embodiment, the present invention includes a centrifuge 

apparatus and its use for density separation of selected cell types. For the purpose of 
the present invention, the term "cell-trap tube" refers to a centrifogation tube which 
forms part of the apparatus, and which includes constriction that forms a "trap" or fluid 
receiving region in the bottom portion of the tube. As will be illustrated by the 

30 description and drawings of the specific embodiments that follow, an important feature 
of die constriction is that it is positioned within the tube in a manner such that fluid is 
retained in the bottom portion of the tube below the constriction member, when the tube 
is inverted. The apparatus of the invention also includes cell separation material for 
density separation of cells. 
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A preferred embodiment of the centrifugation apparatus of the invention is 
shown in cross-section in FIGS. 1A and B. As shown, tube 10 includes constriction 
member 12, which defines central opening 14. Constriction member 12 preferably 
defines one or more downwardly sloped upper surfaces having lower edge regions 
5 defining constricted opening 14. 

The bottom surface of the constriction member may also may be similarly, 
slightly angled (although not shown as such in the figures). In an exemplary embodi- 
ment, with a tube having an inner diameter of about 2.8 cm, the diameter of opening 14 
formed by constriction member 12 is preferably about 0.5 cm. The size of opening 14 

10 is generally not so small as to prevent heavier components of a sample, layered on top 
of the density gradient solution, from passing through the opening prior to actual 
centrifugation. Such a movement of components may occur due to normal gravitational 
forces. In general, the diameter of opening 14 is dictated by the ability to form an 
increased surface tension across the opening. A restriction that is little more than a rim 

IS around the interior of the barrel may be sufficient to provide such a surface tension. 

Hence, the cross-sectional area of the aperture formed by the constriction member may 
be as Ihde as about 5% or as great as about 95% of the horizontal cross-sectional 
surface area of the tube. 

While the constriction member illustrated in FIGS. 1A-D and 2A-B are 

20 annular (e.g., ring-like), it is appreciated that the constriction member may form a 

number of opening shapes, or may form a plurality of openings. The shape of opening 
14 is not limited to a circular shape, though in general, a funnel-shaped constriction 
member forming a roughly circular shape will be preferred. The opening may also be 
oval, rectangular, star-shaped, or any other shape that would create a restricted passage 

25 within the tube, provided that the geometry provides for creation of sufficient surface 
tension to impede discharge of fluid in die bottom of the tube upon inversion, as 
described above. In addition, the constriction member may comprise a mesh or a sieve 
spanning the horizontal cross-section of the tube. In this case, the annular member is 
also said to comprise a plurality of openings. 

30 In addition, while the opening will preferably be centered horizontally within 

the tube, the opening may also be off-center and achieve substantially the same results. 
With respect to vertical construction and positioning in the tube, the constriction 
member may be formed integrally with die tube or may be constructed for a forced fit. 
For example, an annular constriction member may be formed from an elastomeric 
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silicone material to be inserted into the tube by a forced fit at any position along the 
length of the tube. 

Referring again to FIG. 1 A, tube 10 is filled with cell separation density 
gradient solution 16 to a level above constriction member 12, or, minimally, at least 
5 above opening 14. Preferably, with reference to a standard 50 ml centrifugation tube, 
density gradient solution 16 is filled to a level at least about 1mm above the constriction 
member. The fluid sample 18 to be separated is layered on the top of density gradient 
solution 16, and the tube and its contents are subjected to centrifugation. Preferably, 
the sample is carefully layered so that at least about 1 mm of density gradient solution 
10 remains between the sample and the top of the constriction member after layering. 

Referring to FIG. IB, following centrifugation, components having densities 
greater than that of the gradient solution are found in a pellet 20 at the bottom of tube 
10. Cellular components having densities less than that of die density gradient solution 
16 remain floating at the top of the solution, in an interface 22 between the gradient 
IS solution and the remaining portion of the fluid sample solution. The interface portion is 
then removed. Such removal can be by decantation of die tube, as indicated by arrow 
24 in FIG. 1C. The provision of the density gradient solution to a level above the 
opening as described above helps to prevent the formation of an interface portion below 
constriction member 12. 

20 Without ascribing to any particular underlying theory of the operability of the 

tube, it is noted that constriction member 12 facilitates pouring off the upper portion by 
providing a support or nucleus for formation of an intermediate surface tension across 
the surface of opening 14, when the tube is tilted for pouring. This surface tension 
impedes mixing of upper and lower portions of the tube when the contents of the upper 

25 portion are poured out of the tube. Constriction member 12 may be provided as an 

insert placed into a straight-walled tube. Alternatively, constriction member 12 may be 
formed as constriction of die tube wall during a molding process in the making of die 
tube itself. When the constriction member is provided by an insert, the insert may be 
movable to enable the operator to change the relative volumes of die lower portion 26 

30 and upper portion 28 of tube 10 according to experimental conditions. The position of 
the constriction member in a molded tube can also be varied, during the m anu facturing 
process, to provide tubes of differing relative upper and lower portion volumes. For 
example, in the isolation of cells from peripheral blood, a 20 ml sample of blood 
requires lower portion 26 to be about 15 ml in order to accommodate the relatively 
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large amount of red blood cells centrifuged out. By comparison, a 20 ml sample of 
apheresis or buffy-coat blood would require only about 10 ml in the lower portion. 

In many applications, it will be desirable to collect only the supernatant 
fraction containing the interface portion. In such cases, the pellet is discarded with the 
5 tube. In other cases, the pellet can be removed by mechanical manipulation/disruption. 
For example, the tube can be inverted and subjected to vortex mixing. Such mixing 
will disrupt the pellet into the adjacent liquid phase and will induce movement of this 
liquid phase and disrupted cells from the lower or collection portion of the tube into the 
upper portion of the tube. 

10 An advantage of the present invention is that the low density material above 

the constriction member is separated from material beneath by the simple act of pouring 
or decanting the contents of the upper portion of the tube. This contrasts with many 
conventional methods of unloading gradient separations using standard straight-wall 
centrifuge tubes, where materials are separated by carefully pipetting out of the tube or, 

IS alternatively, by puncturing the bottom of the tube and allowing the contents of die tube 
to slowly drip out into collection vessels. Thus, the present invention provides a 
convenient, simple means for unloading differentially separated materials. 

Generally, in separating cells by density centrifugatton using the tube of die 
invention, solution, such as solution 18 in FIG. 1A containing cell mixture loaded onto 

20 the density gradient medium or material in the tube, will have a specific density that is 
less than the specific density of the density gradient or cell separation medium in the 
tube. During centrifiigation, cells having a specific density that is less than or equal to 
the density of die cell separation medium will settle in the interface formed between the 
loading solution and the density gradient material. 

25 Another advantage of the tube of the present invention is that, unlike conven- 

tional straight-wall tubes, if the tube is dropped or accidentally inverted, the contents of 
the separated upper and lower portions will not readily mix, due to the presence of the 
constriction member. Moreover, once separation has taken place, the solution present 
above the constriction member can be mixed in the tube, without disturbing (or fear of 

30 contamination by) the contents of die tube below die constriction member. 

In an alternative preferred embodiment, tube 10 may be provided with insert 
or shield 30, as shown in FIGS. 2A and 2B. Shield 30 is provided above constriction 
member 12 to facilitate layering of die sample onto the gradient solution. Shield 30 
may take the form of a roughly concentric insert placed in the upper portion of the tube 
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and extending at least partially around the tube. In use, the operator pipettes material 
between shield 30 and the tube wall. The shield directs the material along the side of 
the tube to the top of the density gradient solution, while minimizing disturbance of die 
solution. As shown in FIG. 2B 9 tube 10 is a clear plastic or glass, with constriction 
5 member 12 formed as a separate silicone insert. Shield 30 can be held in die upper 

portion of the tube, for example, by interference fit with spacers 31 biasing against the 
tube wall. Alternatively, shield 30 could be formed as a part of the tube. 

The separation of materials may be further enhanced by the addition of valve 
40 to the constriction member, as shown in FIG. 3. Hie valve 40 is located across 

10 opening 14. Valve 40 may be a one-way valve, or a valve that only opens upon 
application of a threshold centrifugal force. The valve can be formed by providing 
flaps of a softer material over the opening. In a preferred embodiment, the force 
required to open valve 40 would be about 850 times the normal force of gravity. Valve 
40 thus allows heavy cells to pass through during initial centrifogation, and then keeps 

IS those cells in place, allowing for further processing of the lighter cells of interest 

located above the valve (such as washing or mixing of the cells). In this way complete 
and final manipulation of the cells can be performed in a single sterile container. 

FIGS. 4A-F are illustrations of alternative shapes and designs for die tube and 
constriction member according to the invention. FIG. 4A shows alternative tube 42 

20 having a separate bottom compartment 44 for receiving the pellet to provide optimal 
collection of cells. Constriction member 12 is as previously described; it is funnel 
shaped on its upper surface and formed from a separate insert of plastic or, preferably, 
silicone. FIG. 4B shows a tube 46 with a pointed bottom wall. Tube 46 with the 
pointed bottom wall also enhances cell collection by allowing die heavier cells to form a 

25 better pellet, which may be desired if the cells are to be collected. Constriction 

member 48 is again an insert, but with a flat upper surface and wider opening. FIG. 
4C illustrates alternative tube SO with an integrally molded constriction member 52. 
FIG. 4D shows an alternative constriction member 54 that facilitate movement within 
tube 55 to adjust the relative volumes of the upper and lower portions. For this reason 

30 constriction member 54 has annular ext endings contact points 56. The constriction 
member will only contact the tube at these points, which create a fluid tight seal, but 
allow for easier adjustability. Tube 55 also has a flat bottom. FIG. 4E illustrates a 
further alternative embodiment of the present invention, wherein tube 60 includes cell 
trapping material 62, such as a sponge or gel. Material 62 may contain compounds that 
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specifically bind certain cell types or toxins that kill specific cell types. Material 62 
also may be made of a magnetic material if desired. Tube 64, shown in FIG. 4F, 
illustrates a further example of an integrally formed constriction member 66 in a tube 
with a flat bottom wall 68. Construction member 66 is located such that lower portion 
3 26 has a smaller relative volume. 

FIGS. 5A and SB illustrate further alternative embodiments of the tube 
according to the invention. In each, two constriction members are provided. Second 
constriction member 12A is located above first constriction member 12B to create more 
compartments to allow separation of cells of differing densities. In FIG. 6A, the 

10 constriction members are shown as separate inserts, whereas they are integrally formed 
with the tube in FIG. 6B. Additional constriction members could also be added if a 
sample of several different densities is to be separated. 

FIG. 6 depicts a centrifuge apparatus of the invention incorporated into a 
closed system. Such a system is particularly useful for sterile processing of samples, 

^ 15 such as, for example, blood samples or samples that are to be later infused into a 

patient. As illustrated, closed system 70 includes a reservoir 71, shown as sterile bag, 
containing blood 72 previously collected by known techniques, is connected by sterile 
connecting tubing 74 to centrifuge tube 76, illustrated as a "bucket" style centrifuge 
tube having a closed top 77. The closed top will have at least one, and preferably at 

20 least two entry ports, useful for introduction and removal of sample, and for venting, as 
described below. In the embodiment shown, solid ridge 79 protruding upward from 
closed top 77 is included to form a protective barrier for the entry ports, and as an 
attachment point for a protective, removable lid for the apparatus that serves to reduce 
potential contamination during shipping and storage. 

25 With further reference to FIG. 6, tubing 74 is attached to tube 76 through 

entry port 78, adapted with fitting 80, which may be any type of locking tip adapted for 
sterile connection, for example, a Luer-Lock™ syringe connector. Alternatively, fitting 
80 may be a sterile septum adapted for connection with sterile fluid bags and tubes, for 
example a SAFSITE™ small wire extension set with reflux valve and Spin-Lock™ 

30 adaptor available from Burron Medical Inc., Bethlehem, Pennsylvania. To facilitate 
fluid flow into centrifuge tube 76, the bucket contains air vent entry port 82. As 
shown, air filter 84 is attached to entry port 82 to prevent contamination. 

In accordance with the invention, bucket tube 76 is includes constriction 
member 88, formed as previously described; it is funnel shaped on its upper surface. 
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As illustrated, constriction member 88 is formed integrally with bucket 76 forming an 
indentation 89 on the outer surface of the tube. The constriction member is supported 
by supports 90 to prevent compression during centrifugation. The bucket also contains 
density material 91 disposed in the tube both above and below constriction member 88. 

5 An added feature of tube 76 is entry port 92. This entry port communicates 

via closed fluid channel 94 with the bottom portion 95 of tube bucket 76. The entry 
port and channel are used to fill the lower portion of the tube 95, for example, with 
density gradient cell separation medium. Alternatively, the port and channel may be 
used to remove materials, including cell pellet materials, from the bottom of the tube 

10 following centrifugation. This feature of the tube is neither required by nor restricted to 
the closed system context in which it is illustrated. 

Fluid flow from reservoir 70 into bucket 76 can be initiated by applying 
suction on air vent entry port 82, or it may be initiated by other means known in the 
art, including gravity. The rate of flow is adjusted, either by altering the pressure head 

15 between die two containers or by regulating a valve positioned in the tube or at the 
entry port at a point between reservoir 70 and entry port 78. Flow rate is optimally 
regulated to fill or partially fill the upper portion of bucket 76, above die level of die 
density gradient solution. When sufficient fluid sample has entered the tube, flow can 
be terminated by any of a number of means known in the art, such as regulation by a 

20 valve or by lowering of pressure head. The tubing is then removed from the bucket, 
port 78 is sealed, and the bucket is subjected to centrifugation as described above. 

In another preferred embodiment, the cell-trap tube may be used in the form 
of a centifugable syringe, such as centrifuge syringe 100 illustrated in Figure 7. As 
illustrated, centrifuge syringe 100 includes a specimen container 114 with a central 

25 orifice surrounded by fitting 112 adapted for receiving a needle 113, a handle 116 and a 
plunger 118. Fitting 1 12 may be any type of locking tip adapted to hold a needle, for 
example, a Luer-Lock™ syringe tip. Alternatively, fitting 112 may be a sterile septum 
adapted for connection with sterile fluid bags and tubes, for example a SAFSITE™ small 
wire extension set with reflux valve and Spin-Lock 111 adaptor available from Burton 

30 Medical Inc., Bethlehem, Pennsylvania. 

Handle 116 further preferably comprises knob 122 and a removable connec- 
tion 124 to plunger 118. As shown, plunger 18 is single piece, machined or molded 
from a plastic material. The plunger preferably has a funnel-shaped bottom wall 126 
that is removably connected to the handle at connection 124. Side wall 127 preferably 
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closely matches the container wall to permit sliding movement but still provide an 
essentially fluid-tight barrier ttierearound. A top wall is formed by constriction member 
128, which defines central opening 129. Alternatively, the outer diameter of side wall 
127 may be slightly undersized to facilitate sliding and an o-ring seal provided between 

5 side wall 127 and container 114. Removable connection 124 may take the form of, for 
example, a screw fitting or a snap-fit. Preferably, connection 24 also provides for 
reattachment of handle 116. 

The plunger 118 is filled with a density gradient material 120 before the 
introduction of a specimen. Preferably, the density gradient material is filled to a level 

10 above the constriction member, or at least above the top of opening 129. For example, 
when using a standard SO ml syringe, having an inner diameter of about 2.8 cm, the 
gradient material is preferably filled to a level about 1mm or more above constriction 
member 128, so that the interface forms above constriction member 128. 

15 5.I.B. Density Gradient Materials and Preparation 

According to an important aspect of the invention, it has been discov- 
ered that significant enrichment of specific cells can be effected by centrifugation of a 
cell mixture on a single layer cell separation medium having a well defined specific 

20 density. The defined specific density is roughly the density of the desired cell type to 
be isolated. Importantly, the cell separation medium must be prepared to an accuracy 
of ±0.0005, and preferably ±0.0002, of the specific density of the desired specific cell 
type. Using such well defined medium, specific cell types can be isolated by centrifu- 
gation on a single density medium in a conventional centrifuge tube. However, as 

25 shown herein, use of a cell-trap tube in conjunction with such medium will generally 
facilitate improved handling as well as yield. 

The apparatus and methods of cell separation of the present invention include 
use of a cell separation material, such as a density gradient material, having a specific 
gravity between 1.0000 gr/ml and 2.0000 gr/ml, preferably between 1.0300 gr/ml and 

30 1.2000 gr/ml, that is accurate withir ± 0.0005 gr/ml, preferably ± 0.0002 gr/ml of the 
specific gravity of the desired cell. A variety of commercially available gradient 
materials may be used to achieve cell isolation based on the defined density of the 
desired cell population, including, but not limited to, "PERCOLL", available from 
Pharmacia; "HCOLL HYPAQUE"; any sugar solution, e.g. sucrose; dextran; any 
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protein solution, e.g. bovine serum albumin (BSA); iodinated low molecular weight 
compounds such as Metrizamide and heavy salts, e.g. cesium chloride. 

According to an important feature of the invention, the density gradient 
solution should be prepared and adjusted to a pre-determined density; osmolality, most 
5 preferably in the range of 280 to 320 mOsm/kg EJO; and pH, preferably from 6.8 to 
7.8, and most preferably pH 7.4, for maintaining a physiologically isotonic density 
gradient, prior to use. The osmolality and pH may vary depending upon die particular 
conditions under which die density gradient separation method is performed. For 
example, the temperature at which the samples are maintained or centrifuged may 

10 necessitate modifications to the osmolality and/or pH of the density gradient material, in 
order to maintain the appropriate density. Such modifications of the osmolality and pH 
will be apparent to those skilled in the art. 

Cell samples should be processed within a relatively short time after collec- 
tion, because the density of the cells may change according to culture, collection or 

IS storage conditions. In order to maintain the optimal isolation of desired cells from body 
fluids, it is preferred that blood samples are used within 48 hours after collection. Most 
preferably, body fluids should be subjected to density gradient centrifugation within 
several hours after collection. The adjusted gradient solution should be added to a 
centrifugation tube in a volume sufficient to allow all the cells overlaid on it to separate 

20 during centrifugation. For example, a volume of about 20-25 ml of the solution is 
generally adequate for separating desired cells in 20 ml of whole blood. 

"SILAN PERCOLL" (S-Percoll; Pharmacia Fine Chemicals, Piscataway, NJ), 
classified as a colloidal silica, is one preferred density gradient material. S-Percoll is 
prepared from colloidal silica by reacting and thus blocking the silanol groups with an 

25 alkyl trimethoxy silane reagent and has the structural formula: 



X OH OH 

i 1 1 

Silica - O - Si - CH2 - CH2 - CH2 -O - CH2 - CH - CH2 

i I 

X--OH, -O-Si- 
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Related colloidal silicas and methods for production thereof are disclosed in 
U.S. Patent 4,927,749 to Dorn. A "PERCOLL" stock solution having osmolality of 
280-320 mOs/kg H 2 0 can be made by adding 12 parts of "PERCOLL" with 1 part lOx 
Ca and Mg free PBS or 1.5 M Nad, for human cells, or adding 9 parts of "PER- 
COLL" with 1 part lOx Ca and Mg free PBS or 1.5 M NaCl, for non-human animal 
cells. 

In carrying out the methods of cell separation of the present invention, it is 
generally preferred that the specific density of the cell separation material be within 
about ±0.0005 gr/ml, preferably ± 0.0002 gr/ml of the specific density of the cells to 
be collected. The specific density of the stock solution up to the fourth digit may be 
determined using appropriate equipment, for example, a high precision digital density 
meter such as DMA 48 (Anton PAAR USA, Ashland, VA) which measures density 
with an accuracy of ±0.0002 gr/ml. This aspect of invention in discussed further in 
Section 5.3, below. 

The osmolality of the stock solution may be adjusted appropriately, for 
example, to 280 mOsm/kg H,0 ± 10 for human use or 320 mOsm/kg H 3 0 ± 10 for 
animal use. The pH may be adjusted appropriately, preferentially to 7.4 if a physiolog- 
ically isotonic solution is desired. 

An appropriate amount of cell separation material, prepared as described 
above, is placed in a centrifuge tube which is preferably, but not necessarily, a cell-trap 
tube. The cell mixture to be separated is layered on the tube, and the tube is subjected 
to centrifugation at low speed - generally about 500-1500 x g. Cells having densities 
greater than the specific density of the cell separation material move to the pellet 
portion of the tube, while those having densities less than that of the material remain at 
the interface between the cell diluent and the material. Generally, die method of the 
invention is directed to collecting die lighter fraction of cells present at the interface. 

5.2. DENSITY ADJUSTED CPU. 52FPAT? Ajf^ 

According to a further aspect of the invention the density separation methods 
described herein can be augmented by adding to the cell mixture to be separated, 
microparticle carriers to which are attached cell specific binding molecules effective to 
bind selected cells in die mixture. In a preferred method, such binding molecules will 
be used remove from the mixture during centrifugation contaminating cells having 
densities approximately equal to or lighter than the cells of interest. This process, 
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referred to herein as "Density Adjusted Cell Separation" (DACS) is described in the 
sections that follow. 

5.2.A. Isolation of Cells using Density Adjusted Cell Sorting tDACS) 

5 FIGS. 8 (A-D) compare density adjusted cell sorting (FIGS. 8C and 8D) to 

conventional density gradient centrifugation (FIGS 8A and 8B). In both methods, 
solution 130 containing undesired cells 132 and desired cells 134 is layered on a density 
gradient material 131. With reference to FIG. 8B, following centrifugation, with 
conventional gradient centrifugation, there are still a relatively large number of unde- 

10 sired cell types 132 trapped at the interface with the cells of interest 134 (FIG. 8B). 

Using DACS, affinity modified carrier particles are added to the cell mixture 
to bind to undesired cells. As shown in FIG 8C carriers 136 bind to undesired cells to 
form density adjusted cells 138. These cells are rendered denser and thus able to 
sediment during centrifugation (FIG. 8D). Alternatively, for cells which are heavier 

IS than the gradient density, a lighter density may be imparted to them by use of lighter 
carrier particles, e.g. highly porous silica particles which are rendered cell type-specific 
by the direct or indirect binding of cell type-specific binding agents. 

When carrier particles specific for unwanted cells are mixed with a cell or 
tissue sample which is then overlaid onto a customized density gradient according to the 

20 methods of the invention described herein, a single centrifugation step allows for 

substantial enrichment of a cell type of interest from the sample. The foregoing is an 
example of density adjusted cell sorting applied in a negative affinity manner, i.e., to 
purge undesired cells, e.g. tumor cells, from a sample by using a modified carrier 
particle having specificity for the undesired cell population. Alternatively, density 

25 adjusted cell sorting may applied in a positive affinity manner, i.e., to collect desired 
cells from a sample by using a modified carrier particle having specificity for the 
desired cell population. The beads may be removed from desired cells by enzymatic or 
chemical cleavage. For example, papain may be used to cleave a desired cell from 
immunoglobulins. After die first round of centrifugation and collection of enriched 

30 cells, a second round of centrifugation including density adjusted cell sorting may be 
performed to further enrich for the desired cell population. It can be further appreciat- 
ed that another advantage of DACS is that it makes somewhat less critical die precise 
matching of specific densities of cells of interest and the cell separation material 



WO 96/07097 PCT/US95/11169 

17 

discussed above, since unwanted cells having similar densities can be efficiently 
eliminated by this procedure. 

Studies carried out in support of the present invention, discussed in Section 
5.3.A and detailed in Example IE, demonstrate that when complete blood from 
5 pregnant females was incubated with carrier particle-coated-anti-CD45 most leukocytes 
were depleted from the sample. 

Further studies detailed in Example 2 demonstrate that, for isolation of 
CD34+ cells, apheresed blood from cancer patients can be directly incubated with 
carrier particle-coated-anti-CD45 antibodies can also provide desired leukocyte deple- 
10 tion. 

It can be appreciated that a variety of cell type-specific binding agents may be 
used to target specific cell types in the blood. The selection of such binding agents will 
be apparent to skilled practitioners, based on the type of cell to be collected and the cell 
composition of the cell mixture. Useful agents include antibodies such as the leukocyte- 

15 specific antibodies, e.g., anti-CD3, anti-CD4, anti-CD5 and anti-CD8 specific for T 

cells; anti-CD12, anti-CD19 and anti-CD20 specific for B cells; anti-CD14 specific for 
monocytes; anti-CD 16 and anti-CD56 specific for natural killer cells; and anti-CD41 for 
platelets. Many of these antibodies are commercially available in a form already 
conjugated to various types of particles (AMAC, DYNAL). In addition, cell type- 

20 specific binding agents include lectins such as wheat germ agglutinin and soy bean 
agglutinin, growth factors and cytokines. 

Alternatively, with reference to the method of isolation of hematopoietic stem 
GD34+ cells described herein, a positive selection procedure may also be used to cause 
the cells to be denser, so that they are pelleted during centrifiigation. In this case, 

25 antibodies directed to CD34 coated on carrier particles are used to pellet all remaining 
CD34* cells. Furthermore, antibodies directed to any cell surface marker may be 
directly linked to heavy particles for use in density adjusted cell sorting, following 
conjugation methods well known in the art. It is noteworthy that when density adjusted 
cell sorting is applied, toe specific density of the gradient is less critical, as long as the 

30 undesired cells are all rendered heavier. 



5.2.B. Carrier Particles 

A number of commercially available carrier particles may be used in the 
present invention and include, for example, organic polymers, e.g. polyethylene; 
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polypropylene; polyvinyl compounds e.g. polyvinylchloride, polyacrylonitrile, polyacry- 
late, polymethacrylate, polycarbonate and copolymers thereof; polystyrene latex; nylon; 
polyterephthlate; and the like, or inorganic polymers, e.g. glass or silica particles; 
cellulose, Dextrans, polysaccharides, e.g. agarose, cellulose, Sepharose, Sephadex, etc., 

5 or combinations thereof. The carrier particles may be from naturally occurring 

polymers, modified naturally occurring polymers and synthetic addition and condensa- 
tion polymers. A preferred carrier particle of the present invention is a silica particle 
between 0.1-5.0 microns coupled to an aminopropyl group and having a density of 
greater than 1.08 gr/ml. U.S. Pat. Nos. 4,927,750 and 4,927,749, issued May 22, 

10 1990, describe examples of modified silanes which may be used in the present invention 
as carrier particles. Various carrier particles are commercially available from, for 
example, Bangs Laboratories, Inc., Cannel, IN., Pharmacia, Sigma Chemical Compa- 
ny, Bio-Rad, AMAC, Inc., etc. 

A preferred heavy carrier particle of the present invention is a silica bead 

15 having a density greater than the density of the density gradient material selected 

according to methods described infra and a particle size of 0.1 micron to 5.0 micron 
such that the carrier particles will be pelleted upon centrifugation. Such a particle may 
additionally be silanized, as detailed in Example 4B herein. The preferred particle will 
also have the capability of binding, either directly or indirectly, to cell type-specific 

20 binding agents, or may be derivatized to such agents. 

A preferred lighter carrier particle useful in the present invention is one 
having a density less than 1.0 and a particle size of 0.1 to 5.0 microns, such that the 
particles will float above the density gradient upon centrifugation as well as one having 
the capability of binding, either directly or indirectly to cell type-specific binding 

25 agents. Such low density carrier particles can be obtained from 3M, St. Paul MN 
catalog no. H50/1000, termed "Scotchlite microbeads". 

Polystyrene latex particles (available from Sigma Chemical Company), may 
also be used as low density particles; however, due to surface hydrophobiclty, such 
particles characteristically exhibit non-specific binding. Such non-specific binding may 

30 be reduced by treatment methods, such as pro-absorption with protein or addition of 
methacrylic acid groups, known in the ait. Latex particles may be transformed into 
high density particles by addition of a metal group. 

Also available for use in the invention are polyacrylamide carrier particles, 
such as Bio-Rad polyacrylamide beads coupled to either primary amino functional 
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groups (Affi-Gel 701 beads) or carboxyl functional groups (Affi-GeJ 702 beads or 
Immunobead Reagent). 

The preparation of small, stable, spherical particles which are bio-compatible, 
I.e., do not interact non-specifically with cells or other biological components and which 
5 contain functional groups to which specific proteins and other bio-chemical molecules 
can be covalently bonded, is disclosed in U.S. Pat. No. 3,957,741, issued May 19, 
1976. The hydroxyl or amino groups can be activated by cyanogen bromide for 
covalent bonding of protein and other chemicals containing amino groups to die 
polystyrene latex. 

10 U.S. Pat. No. 4,035,316, issued July 12, 1977, describes the method for 

making cell specific, variable density, polymeric microspheres derivatized with amine-, 
hydroxyl- and/or carboxyl-functional groups and having a density of at least 1.30 gr/ml 
preferably above 1.40 gr/ml or a density below 1.15 gr/ml and preferably below 1.08 
gr/ml. 

15 A process for forming highly uniform silica spheres is described in U.S. Pat 

No. 4,983,369, issued Jan. 8, 1991. 

Also included within the scope of the present invention are carrier particles or 
carrier particles to which are attached a magnetic substance allowing for enhanced 
separation of cells through use of a magnetic field. U.S. Pat. No. 4,777,145, issued 

20 October 11, 1988 describes an immunological assay method using magnetic particles. 
AMAC, Inc., subsidiary of IMMUNOTECH, S.A. (France) provides magnetic micro- 
spheres coated with monoclonal antibody, e.g. anti-CD4, anti-CD8, anti-CD19, anti-45, 
etc. 

25 5.2.C. Cell Type-Specific Binding Agents 

The cell separation methods of the present invention may include the use of 
cell type-specific binding agents having specificity for either the desired or undesired 
cell populations which may be bound either directly or indirectly to a carrier particle, as 
described in the previous section. As defined herein, "cell type-specific binding agents" 

30 include, for example, antibodies or antigens; peptides or polypeptides; growth factors or 
cytokines; lectins and agglutinins or other affinity molecules known in the art to have 
specificity for either the desired cell populations or the undesired cell populations. 
Many of these agents are commercially available or can be produced according to well 
known methods. 
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Commercially available cell type-specific binding agents that may be used in 
die present invention, include, but are not limited to, antibodies, antigens, polypeptides, 
peptides, growth factors, membrane bound receptors, small organic molecules, lectins, 
and agglutinins. 

S A variety of antibodies known to those of skill in the art, commercially 

available or available through cell culture depositories, e.g. the ATCC, Rockville, Md. 
or the NRLL, Peoria, It., may be used in die present invention as cell type-specific 
binding agents depending upon the cell type desired to be isolated or enriched. These 
include, but are not limited to, antibodies specific to hematopoietic and lymphoid 

10 antigens such as, anti-CD2, anti-CD2R, anti-CD3, anti-CD4, anti-CDS and anti-CD8 
specific for T cells, anti-CDwl7 specific for granulocytes, monocytes and platelets, 
anti-CD 18 specific for leucocytes, anti-CD71 specific for activated T- and B-cells, 
macrophages, proliferating cells, antibodies to cytokines and growth factors (e.g. IL1- 
IL13, EGF, IGF I and n, TGF-a and 0, TNF-a and 0, FGF, NGF, CIF, IFN-a and 0, 

IS CSF's), hormones, cellular or tumor associated antigens or markers, adhesion mole- 
cules, hemostasis molecules, and endothelial cells. The precise agents to be used will 
depend upon the antigenicity of the desired cell and the composition of the cell mixture 
from which it is to be isolated. Skilled practitioners will be able to determine optimal 
carrier agent composition, based on these factors. 

20 Antibodies useful as affinity molecules can be produced according to standard 

polyclonal or monoclonal production methods known in the art. Useful antibodies 
include, but are not limited to, polyclonal, monoclonal, chimeric, single chain, Fab 
fragments and fragments produced by a Fab expression library and phage display 
expression library. 

25 Commercially available agglutinins may be used in the present invention. 

These include, but not limited to, wheat germ agglutinin, peanut agglutinin, soy bean 
agglutinin, phytohaemagglutinin, and leucoagglutinin, and are commercially available, 
for example, from Pharmacia Fine Chemicals (Piscataway, NJ). 

30 S.2.D. Coupling of Cell Type-Specific Binding Agents to Carrier 

Particle 

Immobilization of the cell type-specific binding agent to the carrier particles 
can be achieved by a variety of techniques known to those of skill in the art. Such 
techniques are described in, for example Bangs (The Latex Course (1992), available 
35 from Bangs Laboratories, Inc. Carmel, IN); Yoshioka et al. 9 1991, Journal of Chroma- 
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tmaaia 566:361-368; Pope et al. 9 1993, Bioconiugate Oiem 4:166-171); Harlow and 
Lane, 1988, Antibodies: A Laboratory Mami fl l r Colorado Spring Harbor Laboratory; 
Avidin-Biotin Chemistry: A Handbook 1992, ed. Savage etal. 9 pub. PIERCE; 
Hermanson et al„ Immobilized Affinity Ligand Technique 1992, pub. Academic 
Press, Inc. The foregoing references are incorporated herein by reference for these 
teachings. 

Binding techniques include, for example, simple physical absorption or 
adsorption where the cell type-specific binding agent is bound directly to the carrier 
protein without the use of functional groups; complex adsorption where a second 
binding agent, e.g. BSA, is co-adsorbed to the carrier particle and forms the basis for 
binding functional groups; and covalent bonding of the binding agent to the carrier 
particle. The biotin-strepavidin affinity system may also be used in the present inven- 
tion to bind cell type-specific binding agents to the carrier particles. Various particle 
surface chemical reactions for covalent coupling are known to those of skill in the art 
and include, but not limited to, carboxylic acid, primary or aliphatic amine, aromatic 
amine or aniline, chloromethyl (vinyl benzyl chloride), amide, aldehyde, hydroxyl, thio, 
hydrazide, epoxy, sulfate and sulfonate. Other coupling chemical reactions are 
described in Bangs, Uniform Latex Particles (1984). 

For use in the present invention, it is preferred that die direct or indirect 
binding of the cell type-specific binding agent to the carrier particle be performed in 
excess binding agent to allow for maximum coverage of the surface of the carrier 
particle, thereby reducing the potential for non-specific binding and bead clumping. 
Carrier particles may also be subjected to blocking agents, e.g. casein, gelatin and 
TWEEN detergent to fill any unoccupied sites on the carrier particle in order to reduce 
non-specific binding. 

In one illustrative example, carboxyl groups on the carrier particle surface can 
be made reactive with the available amino groups on the cell type-specific binding 
agent. Other means of binding cell type-specific binding agent to particle surfaces 
include employing activated carboxylic acids, carbodiimides, tt. y (l-ethyl-3-(3-di- 
methylaminopropyl) carbodiimide or EDAC, imido esters, active alkyl halides, etc., to 
form amido, amidine or amino linkages. 

A preferred carrier particle of the present invention is an aminopropyl silica 
particle wherein the amino groups have been coupled to the silica particle through a 
glutaraldehyde linkage, see Example 4. 
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5.3. ISOLATING SELECTED CELL TTEES 

The present invention provides methods for isolation or enrichment of a 
desired cell type from an in vivo or in vitro mixture, when the specific density of the 
cell type is known. Exemplary specific cell types isolated by this method are discussed 
5 below. 

Preferably, the method includes loading one of the embodiments of the cell- 
trap cell separation apparatus described in Section 5.1. A., with a cell separation 
medium having a specific density that is within ±0.0005 gr/ml of the specific density of 
the, then centrifuging the apparatus. The desired cells are then collected from the upper 

10 portion of the centrifugation tube. 

While use of the cell-trap centrifugation apparatus aids in the convenience and 
efficiency of the method of the invention, it should be noted that die invention is based, 
in part, on the specificity and accuracy of the density gradients used. That is, the 
density gradients must be prepared such that their densities are accurate to within at 

15 least ±0.0005 gr/ml, and preferably within ±0.0002 gr/ml, of the specific density of 
the desired cell, at a defined osmolality. Thus the invention may be practiced using a 
standard centrifugation tube, as well as a cell-trap tube, so long as the density is well 
defined. Examples 1-3 herein describe use of specific density cell separation media 
with and without the cell-trap. 

20 Following centrifugation, the desired cell will be found at the interface 

between the gradient material and the cell sample solution. Material at the interface can 
be collected, then centrifuged to concentrate it, if desired. Alternatively, when it is 
preferable to retain the desired cell material in a closed system, die centrifugation can 
be carried out in a closed system or in a centrifugation syringe having a cell-trap 

25 configuration, such as described in Section 5.1. A. 

If desired, improved purity of the desired cell type can be achieved by adding 
to the above procedure a density-adjusted cell sorting procedure, as described in Section 
5.2. As described therein, prior to centrifugation, the cell sample containing the desired 
cell is exposed to carrier particles having bound thereto cell type-specific binding agents 

30 effective to bind and remove unwanted cells. 

For therapeutic applications, it is preferred that die desired cell population 
remain in the interface between the gradient material and the cell sample solution. 
Alternatively, if the desired cells are attached to beads in the pellet, they may be 
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cleaved enzymatically or chemically from the beads by methods known to those of skill 

in the art, including the use of proteolytic enzymes, e.g. papain. 

Cells isolated or enriched by the cell separation methods described herein may 

be used for a variety of diagnostic and therapeutic uses. The isolated or enriched cells 
5 may be cultured under sterile conditions and subjected to cytogenetic analysis, e.g. the 

detection of chromosomal abnormalities and gender determination. The isolated or 

enriched cells may be reacted with molecular probes for more sensitive detection using 

PGR and FISH. The isolated or enriched cells may also be used therapeutically, for 

example, for allogeneic and autologous transplantation. 
10 The following sections provide specific guidance for isolation of three 

therapeutically and/or diagnostically useful cell types that are isolated in accordance 

with the principles of the present invention. 



5.3.A Isolation of Fetal Cells from M aternal Blood 

13 It has now been established that a small number of fetal cells circulate in 

maternal blood, including lymphocytes, trophoblasts, and nucleated red blood cells. 
These cells provide an alternative source of genetic materials for prenatal testing 
(Simpson and Elias, 1993, JAMA 270:2357). However, the rarity of such cells in 
maternal blood (estimated 1 in lOMO* maternal blood cells) dictates the need for 

20 enhanced methods of isolation and detection (Holzgreve et al. , 1992, J. Reorod Med . 
22:410). While several detection methods have been made available through recent 
advances, including polymerase chain reaction (PCR) and fluorescence in situ hydribiza- 
tion (FISH), the major difficulty in the routine use of maternal blood for prenatal 
diagnosis is the inability to enrich the small number of fetal cells in a mixture of 

25 maternal cells to yield reliable diagnostic results. 

Several techniques have been proposed to meet this need, including fluores- 
cence-activated cell sorting (Herzenberg et a!. 9 1979, Proc. Natl. Aca. Sci. USA 
7$: 1453), magnetic-activated cell sorting (Ganshirt-Ahlert et al., 1992, Am. J. Obstet. 
Qxns&A- 1350) or a combination of these procedures (Ganshirt-Ahlert et al. , 1992, 

30 Am. J. Hum. Genet. 57:A48). While these procedures have been able to partially 

enrich fetal cells, they are both costly, because of the need for sophisticated instrumen- 
tation, and cumbersome, due to multiple steps involved. More importantly, such 
methods result in substantial cell loss, thereby reducing the number of fetal cells 
available for subsequent analysis. 
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Of the fetal cell types known to be present in maternal blood during pregnan- 
cy, nucleated red blood cells are the most attractive candidates for enrichment and 
detection. Hie nuclei of these cells provide a source of genetic material for the 
application of techniques such as PCR and FISH. There are also several well-known 
5 commercially available antibodies that may be used to characterize the cells, such as 

anti-CD71 and anti-glycophorin A. Another major advantage for targeting fetal cells in 
the erythroid lineage is their relatively short life span. Unlike lymphocytes, these cells 
should not persist from prior pregnancies to interfere with the analysis of maternal 
blood. 

10 The apparatus and methods of the invention can be used to isolate fetal cells 

from cell mixtures. In particular, the method can be used to isolate rare fetal cells from 
maternal blood for purposes of pre-natal diagnosis by genetic testing. 

This aspect of the invention is based, in part, on Applicant's discovery that 
colloidal silica (PERCOLL) solution adjusted to a density of 1.0720 ± 0.0005 gr/ml, an 

IS osmolality of 280 mOsm/kg H 2 0, and pH 7.4 efficiently separates fetal cells from the 
majority of adult blood cells when complete blood without prior separation or dilution is 
overlaid on the gradient solution. In addition, the method is improved by using cell- 
trap centrifugation tubes described herein which contain a constriction to allow the cells 
in the upper portion (i.e., above die constriction) to be decanted as opposed to using a 

20 pipette to collect the cells which results in increased cell loss. 

In practice, peripheral blood may be collected from pregnant females in anti- 
coagulant-containing tubes or by apheresis or leukopheresis. Complete blood does not 
need to be processed or diluted prior to centrifugation. However, since the methods 
enrich fetal cells based on their specific buoyant density, it is important that the cells 

25 are subject to separation within a relatively short time after collection, because the 

density of the cells changes according to their culture or storage conditions. Therefore, 
in order to obtain optimal enrichment of fetal cells from maternal blood, it is preferred 
that the blood samples are used within 48 hours after their collection. Most preferably, 
blood samples should be subjected to density gradient centrifugation within several 

30 hours of collection. 

The present invention may be practiced by overlaying whole blood on a 
defined density gradient in a cell-trap centrifugation tube. After centrifugation die cells 
in the interface are collected and pelleted by another centrifugation step to remove cell 
debris, platelets, and the remainder of the density material. Thereafter, the cells are 
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depleted of the majority of leukocytes by their reactivity with an antibody, such as anti- 
CD45; the remaining red blood cells analyzed by flow cytometry, and the fetal cells 
within this population identified by FISH using specific molecular probes. 

The efficiency of the method is can be further improved when it is combined 
5 with density adjusted cell sorting, described in Section 5.2, above. Thus, this specific 
embodiment of the invention provides for a rapid and high yield procedure to enrich for 
fetal cells from a large blood volume. The increased number of fetal cells in the 
resultant cell population enhances the sensitivity and accuracy of techniques commonly 
applied to genetic testing. 

10 In an effort to further minimize cell loss, but achieve platelet removal, a 

second centrifiigation step for pelleting the fetal nucleated red blood cells may also be 
carried out in a cell-trap tube. 

Example 1 details materials and methods for isolating nucleated fetal cells 
according to the methods of the invention. Table 1 presents results from an experiment 

15 in which TERCOLL" was used as the density gradient material in a one-step gradient 
separation according to the present invention. TERCOLL" was prepared and adjusted 
to physiologic osmolality of 280 mOsm/kg H 3 0 and physiologic pH of 7.4, as described 
in Example 1. 

Summarizing the results of the experiments detailed in Example 1, the specific 
20 density of the cell separation medium was adjusted as described. Cells were harvested 
from the interface, and percent fetal and pellet and interface and tested for yield by 
marker antigen characterization. As summarized in Table 1, a density of 1.0720 gr/ml 
or above produced at least about 50% recovery of nucleated cells from the total 
nucleated cell population prior to centrifiigation, there was a substantial contamination 
25 of the interface with mature red blood cells when the gradient was adjusted to a density 
of 1.0750 gr/ml or above. 

From the foregoing it will be appreciated that in order to recover a high 
percentage of total nucleated cells from the starting cell mixture, but reduce mature red 
blood cell contamination a density of 1.0720 gr/ml is optimal. Moreover, this density 
30 should be defined with a precision ± 0.0005 gr/ml, and preferably, of ± 0.0002 gr/ml. 
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TABLE 1 



Density of "PERCOLL" 
far/mil 


Percentage of Nucleated 

folic QfWVWM*Mf ftWMW 

Interface After Centrifiiga- 
tion 


Percentage of Mature 

1UX1 DUJOU \*CU \A)ur ■ 


1.0820 


60% 


21% 


1 0700 






1.0770 


56% 


25% 


1.0750 


45% 


20% 


1.0720 


50% 


2% 


1.0700 


21% 


2.2% 


1.0640 


25% 


2.1% 


1.0610 


23% 


1.7% I 



When four cell separation methods were compared for nucleated red blood 

IS cell yield, the two methods of the present invention produced substantially higher 

percentages of nucleated red blood cells than die conventional method. Table 2 shows 
results of experiments in which cells were isolated by four different methods. In all but 
the DACS treated sample, centrifuged samples were depleted with anti-CD45 antibodies 
coupled to magnetic beads, according to methods known in the art. From these results, 

20 it can be seen that cell-trap tubes containing "PERCOLL" at a density of 1.0720 ± 

0.0002 gr/ml produced about a 20 fold higher number of nucleated red blood cells than 
the conventional method using stock "HCOLL" at a density of 1.077 ± 0.001 gr/ml 
and 320 mOsm/kg H^O. Thus, this method resulted in a statistically significant 
increase the total number of fetal nucleated red blood cells available for subsequent 

25 genetic testing, compared to conventional methods. In addition, the procedure also 
enriched for fetal trophoblast cells. Further inspection revealed fetal cells at different 
stages of differentiation present in the enriched fractions. Furthermore, the DACS 
method produced comparable results to die method reqifting magnetic field depletion of 
CD45+ undesired cell populations. 

30 Any tubes suitable for use in centrifugation may be used for the practice of 

the invention. In a preferred embodiment, the present invention is directed to a cell- 
trap tube for the density separation of fetal cells. For die purpose of the present 
invention, a cell-trap tube refers to a centrifugation tube which contains within it a 
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constriction or a trap and a properly adjusted density gradient material filled to a level 
above the constriction so that cells having a certain density pass through the opening of 
the constriction to form a cell pellet in the compartment below the constriction during 
centrifiigation. 
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In the foregoing experiments, DACS treatment of the maternal samples used 
anti-CD45 as an agent to deplete unwanted blood cells from the interface of the density 
gradient. A variety of other cell type-specific binding agents may be used to target 
specific cell types in the blood. These agents encompass antibodies such as anti-CD3, 
anti-CD4, anti-CD5 and anti-CD8 specific for T cells; anti-CD 12, anti-CD 19 and anti- 
CD20 specific for B cells; anti-CD 14 specific for monocytes; anti-CD16 and anti-CD56 
specific for natural killer cells; and anti-CD41 for platelets. Many of these antibodies 
are commercially available in a form already conjugated to various types of particles 
(AMAC, DYNAL). Alternatively, for positive selection of nucleated red blood cells, 
mature red blood cells may be removed from the sample and antibodies directed to 
glycophorin A or CD71 coated on carrier particles may be used to pellet all remaining 
nucleated red blood cells. 

The nucleated red blood cells enriched by the methods described above were 
subsequently examined for the presence of fetal cells. The enriched cell preparations 
obtained from donors who were known to be carrying a male fetus were selected for 
use in FISH analysis. The cells were incubated with an X-diromosome-specific probe 
linked to a green fluorescence dye and a Y-chromosome-specific probe linked to a red 
fluorescence dye. Fetal nucleated red blood cells were identified as cells with nuclei 
that contained a red spot and a green spot under a fluorescence microscope, while other 
cells were of maternal origin. The far right column of Table 2 shows that there was an 
eight fold increase in the number of XY (fetal) chromosomes in the cell populations 
prepared by one method of the invention over that by the conventional method. It is of 
further interest to note that the method of using cell-trap and "FICOLL" also increased 
the number of fetal nucleated red blood cells to the detection threshold over the same 
gradient practiced without cell-trap tubes, indicating that the cell-trap itself was useful in 
increasing cell yield. 

It should be noted that in order to obtain reliable diagnostic results involving 
techniques such as FISH, it is generally necessary to enrich the fetal cells to at least 
0.1% of the final cell preparation in order for the enrichment method to be used as a 
routine procedure. The method of the invention is shown herein to have clearly 
exceeded this limit by demonstrating enrichment of fetal cells to a level of 41 
cells/10,000 total cells analyzed. 
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5.3 3 Isolation of Hematopoietic Progenitor rrfk 
Transplantation of bone marrow and peripheral blood is performed in the 
clinic for the treatment of cancer and hematopoietic disorders. Hematopoietic progeni- 
tor cells migrate to and reconstitute the bone marrow microenvironment after transfu- 
5 sion. Depending on their degree of differentiation these progenitor cells either contrib- 
ute to short term engraftment or to long term engraftment of the bone marrow micro- 
environment. 

In general, there are two major types of cells that are considered to be 
necessary for successful transplantation and engraftment - colony forming unit cells 

10 (CFU), that provide short term bone marrow engraftment preventing infection in the 
patient during the time immediately following the radio- and chemotherapy, and long 
term culture initiating cells (LTC-IC), that establish a long lasting, self-renewing 
myeloid and lymphoid system in die patient. The hematopoietic progenitor cell popula- 
tion expressing the CD34 surface antigen contains both CFU and LTC-IC. Hence, the 

15 present invention relates to methods for enriching total CD34+ cells. 

In addition, when the bone marrow cells or other progenitor cell source 
contain contaminating tumor cells that must be purged prior to re-infusion in an 
autologous setting, the large number of total cells with a low percentage of CD34+ cells 
makes it technically difficult to perform adequate purging of tumor cells. Thus, there 

20 remains a need for a simple method for ranching CD34 + progenitor cells from a cell 
mixture containing higher numbers of these cells that are amenable to efficient purging 
of residual tumor cells for use in subsequent transplantation. 

In an effort to address these problems, investigators have focused on die use 
of anti-CD34 antibodies. Such procedures involve positive selection, such as the 

25 passage of white blood cells over a column containing anti-CD34 antibodies or binding 
of cells to magnetic bead-conjugated anti-CD34 antibodies or by panning on anti-CD34- 
coated plates, and collecting die bound cells. However, the affinity based methods have 
limitations in terms of practical utility in that they are costly and time-consuming. 

Alternative methods for enriching hematopoietic progenitor cells have been 

30 reported which utilize various forms of density gradient centrifugation (Olofsson et al., 
1980, Scan. J. Haematol. 24:254; Ellis et al., 1984, J. Immunol. Metb. 66:9; Lasky 
and Zanjani, 1985, Exp. Hematol. 13:680; Martin et al., 1986, BriL J. Haematol. 
63:187). However, all reported methods use agar colony assays to identify hematopoi- 
etic progenitor cells after enrichment. It is known that the progenitor assays only detect 
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committed precursor cells which occupy less than 1% of the CD34+ population. It is 
therefore uncertain whether these methods can in fact enrich for the early progenitor 
cells or stem cells which can permanently engraft and reconstitute a lymphohemato- 
poietic system, as they have not been tested clinically. Furthermore, there is no 
5 indication from the published reports that any of these procedures are able to obtain 
adequate numbers of cells for clinical use. 

The present invention provides methods of rapid and high yield enrichment of 
progenitor cells based on density gradient centrifogation. More specifically, the 
invention utilizes a precisely determined density of a density gradient solution, prefera- 
10 bly contained within a specially designed cell-trap centrifogation tube to maximize cell 
yield. 

A major advantage of the methods described herein is that a large volume of 
apheresed blood may be directly placed on the density gradient. Peripheral blood may 
be collected in anti-coagulant-containing tubes or by apheresis or leukopheresis. In 

IS addition, the single step process reduces the total volume of infosate by 70-90% t 

thereby reducing the amount of cryopreservative required. After enrichment, the final 
cell preparation represents between 10% to 30% of the starting cell number, but 
contains between 70% and 100% of the starting number of CD34+ cells and colony- 
forming CFU's. Due to this high yield (70% to 100%) of CD34+ cells, a single 

20 peripheral blood collection may yield sufficient CD34+ cells to reconstitute the hemato- 
poietic and immune system of patients undergoing ablative chemotherapy. This cell 
population also contains a reduced number of T cells, but a substantial number of 
natural killer cells and natural suppressor cells. Additionally, the procedure is rapid, 
convenient and cost effective. Processing of a complete sample requires no specialized 

25 instrumentation and can be performed by one person in a time frame of one hour. 

The present invention also provides for purging from the bone marrow cells 
or other progenitor cell source contaminating tumor cells, prior to re-infusion of the 
progenitor cells in an autologous setting for use in subsequent transplantation. 

For purposes of purging, the density of a given tumor cell is determined by 

30 centrifuging a tumor containing sample on a discontinuous density gradient ranging 
from 1.0490 to 1.0640 gr/ml. The majority of undesirable, non-tumor cells represent 
cells of die immune and hematopoietic system and have a density in the range of 1.0610 
to 1.0770. The density of tumor cells generally falls within the 1.0490 to 1.0580 gr/ml 
density range. The density of the cell separation medium is determined to an accuracy 
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of within ± 0.0005 gr/ml, preferably ± 0.0002 gr/ml of the specific gravity of the 
desired progenitor cells. Thus tumor purging can be accomplished by a two step 
process, in which the progenitor cells are first pelleted through a cell separation medium 
capable of retaining tumor cells. Alternatively, the DACS technique can be used to 
5 remove tumor cells in a one-step process, according to the methods described herein. 

For the enrichment of CD34+ cells, the cell separation medium should be 
adjusted to a density of 1.0605 ± 0.0005 gr/ml, a physiologic osmolality of 270-290 
mOsm/kg Hfi and physiologic pH 6.8-7.8. More preferably, the density will be 1.0605 
± 0.0002 gr/ml, and the osmolality will be 280 mOsm/kg H 2 0, at pH 7.4. 

10 In an illustrative example, apheresed blood from a cancer patient treated with 

G-CSF is directly loaded into a cell-trap centrifugation tube containing a "PERCOLL" 
solution filled to a level above the constriction, which has been adjusted to the preferred 
density of 1.0605 ± 0.0005 gr/ml, osmolality of 280 mOsm/kg HjO and pH7.4. The 
density of the "PERCOLL" solution may be adjusted on a densitometer to precisely 

15 define its accuracy up to at least the fourth decimal place. It should be noted that a 
variety of other gradient materials may be used to achieve progenitor cell enrichment, 
and they include, but are not limited to, "FICOLL", "FICOLL-HYPAQUE", cesium 
chloride, any protein solution such as albumin or any sugar solution such as sucrose and 
dextran. However, the density gradient solution should be prepared and adjusted to the 

20 appropriate density, osmolality and pH according to that disclosed herein, prior to its 
use. The gradient solution should be added to a centrifugation tube in a volume 
sufficient to allow all the cells having a higher density to pass through die gradient 
during centrifugation. For example, a volume of about 20-25 ml of the solution is 
generally adequate for separating cells in 20 ml of apheresed blood samples. 

25 Any tubes suitable for use in centrifugation may be used for die practice of 

the invention. In a preferred embodiment of die present invention, the cell-trap 
centrifugation apparatus described in Section 5. LA. will be used for the density 
separation of CD34+ cells. 

Table 3 presents results from studies in which "PERCOLL" was used as die 

30 density gradient material. "PERCOLL" was prepared and adjusted to physiologic 

osmolality of 2BQ± 10 mOsm/kg H 2 0 and physiologic pH of 7.4. For this study, the 
starting cell mixture was a sample of apheresed blood from a non-Hodgkin lymphoma 
patient who had been treated with G-CSF. When the gradient was adjusted to different 
densities, die results showed that when the density was at 1.0600 gr/ml or above, there 
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was an about 60-90% increase of CD34* cells in the interface fraction over the 
gradients adjusted to lower densities. Furthermore, the percentage of total cell yield 
also increased slightly at 1.0600 gr/ml or above. Thus, in order to recover a high 
percentage of total CD34+ cells from the starting cell mixture, the density of 1.0605 

5 gr/ml was chosen. It was further determined that an accuracy of within ±0.0005 gr/ml 
was preferable to ensure high yield enrichment of CD34+ cells. 

In additional experiments carried out in support of the present invention, 
"PERCOLL" was adjusted to a density of 1.0605 gr/ml and osmolality of 280 mOsm/kg 
HA and compared with stock "FICOLL" which had a density of 1.077 ± 0.001 gr/ml 

10 and 320 mOsm/kg H^O. Table 4 shows that when the gravitational force of centrifuga- 
tion increased, more CD34* cells were pelleted in the stock "FICOLL" gradient. Since 
the use of unadjusted "FICOLL" was the standard material used for density gradient 
separation of CD34* cells from a cell mixture, these results show that a precisely 
defined density range could substantially enhance the high yield enrichment of CD34+ 

15 cells from a cell mixture. As shown in Table 4, the percentage of CD34+ cell yield 
after centrifugation at 1500 x g increased about 2 fold over that achieved by a conven- 
tional method. 
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Absolute cell numbers and cell recovery were determined using apheresed blood 
samples from non-Hodgkin lymphoma patients. The mean cell recovery from 5 samples 
was variable but was always in the range of 90%. Since cell counting was performed 
5 after a washing step, that may account for cell loss up to 10%. CD34+ cell recovery 
was determined from the 5 different blood samples, and was always in the range of 
90%. This result was similar to the non-specific cell loss shown above, thus it was not 
due to a specific depletion of the total number of CD34+ cells or a change in the CD34 
expression by hematopoietic progenitor cells. When the quantitative recovery of CFU's 

10 was determined, the recovery of CFU was also in the range of 90%. Therefore, die 
cell separation procedure by the 1.0605 gr/ml density gradient did not change the 
functional potential of hematopoietic progenitor cells to form colonies. 

In addition, the quantitative distribution of the CFU over the gradient was deter- 
mined. The results shown in FIG. 10 demonstrate that only minor numbers of CFU 

IS were observed in the pellet fractions and approximately 90-100% of the CFU were 

present in the interface of 1.0605 gr/ml "PERCOLL". Also, it was observed that 100% 
of the CFU-GEMM were present in the interface (FIG. 11). LTC-IC assays showed 
that between 90-100% of the uncommitted hematopoietic stem cells were present in the 
interface (FIG. 12). 

20 Hence, these data demonstrate that the centrifugation of apheresed blood on a 

single-layer gradient adjusted to 1.0605 ± 0.0005 gr/ml resulted in a minor non- 
specific loss (10% or less) of the total cell product. However, while the interface 
represented approximately 30% of the total cell number, this cell population contained 
70-90% of the CD34+ cells and more than 90% of die CFU's. The interface contained 

25 100% of the CFU-GEMM, and since CFU-GEMM represented progenitor cells with a 
low degree of hematopoietic commitment and a limited degree of self renewal, die 
interface also contained the uncommitted hematopoietic stem cells. The results obtained 
with the LTC-IC assays further support this conclusion. This simplified procedure may 
allow the automation of CD34+ cell enrichment in a completely closed system. 

30 Furthermore, experiments performed in cell-trap tubes produced similar results with an 
even greater degree of consistency. 

Additional indications for CD34+ cells . Graft versus host disease (GvHD) is 
induced by the T-cells that are present in the donor allografts. Consequently, some 
transplant protocols have included the total removal of T-cells from the graft prior to 
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transplantation. Although these methods successfully reduced GvHD, they also resulted 
in increased incidence of graft failure and tumor relapse. In other words, the presence 
of a limited number of T-cells may be beneficial for the survival chances of allotrans- 
plant patients. In this context, a TERCOLL" gradient was adjusted to a density of 
5 1.0605 ± 0.0005 gr/ml to test for its ability to remove T-cells. Normal bone marrow 
and apheresed blood samples from O-CSF treated normal individuals were processed on 
the density gradient. The cells from the interface and pellet fractions were stained with 
the T-cell specific anti-CD3 antibodies. FIG. 13 shows that for both tissue sources the 
interface contained between 10% and 20% of the total number of T-cells that were 

10 present in the unprocessed material. 

In vitro studies have shown that human bone marrow contains low density cells that 
block in vitro alloresponses in the mixed lymphocyte reactions (MLR). Based on the 
fact that this suppressive activity was HLA non-restricted, it was referred to in the 
literature as natural suppressor (NS) activity. A "PERCOLL" density gradient was 

15 adjusted to a density of 1.0605 ± 0.0005 gr/ml to test for its ability to enrich cells with 
NS activity. Apheresed blood samples from lymphoma patients and from normal 
individuals that received G-CSF treatment were centrifuged on a discontinuous five 
layer gradient, and the interfaces and pellet were screened for their potential to suppress 
the mixed lymphocyte culture. FIG. 14 shows that cells with NS activity had a density 

20 equal or lighter than 1.0605 gr/ml. Consequently, more than 90% of the NS activity 
was present in the final cell preparation after centrifugation on a 1.0605 gr/ml gradient. 

NK cells have been shown to kill autologous tumor cells. From a clinical perspec- 
tive, it may be beneficial to have increased numbers of NK cells in the transplant to 
reduce tumor relapse. In this context, die density of the NK cells was determined on a 

15 discontinuous five-layer "PERCOLL" gradient. NK cells also showed a density equal 
to or lighter than 1.0605 gr/ml. Consequently, more than 90% of NK cells was present 
in die final cell preparation after centrifugation on a 1.0605 gr/ml gradient, as shown in 
FIG. 15. 

FIG. 16(A-F) shows the result of a representative experiment in which CD34+ cells 
10 were enriched using the DACS procedure in conjunction with the density method of the 
invention, by removing contaminating cells with an anti-CD45 mAb coupled to a heavy 
carrier (such as magnetic beads or aminopropyl glass beads). In this particular experi- 
ment the total cell number was reduced 82% and the CD34 yield was around 40%. 
CD34 purity was increased from 2% to approximately 20%. Since the anti-CD45 
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antibody removed also some of the CD34+ cells, this method could improved by using 
a mixture of other antibodies to deplete non-stem cells. 

5 5.3.C. Enrichment of Breast Tumor Cells 

It is established that breast tumor cells and tumor emboli spread directly to the 
bloodstream providing an alternative and desirable source of breast tumor cells for 
diagnostic purposes (Cecil Textbook of Medicine, supra). However, in order to 
successfully utilize circulating bodily fluids for breast cancer diagnosis, the small 

10 number of circulating breast tumor cells must first be enriched, and one must employ 
highly sensitive and specific techniques to detect the breast tumor cells. 

At present, there is a need for a rapid and reproducible procedure suitable for 
processing a large volume of whole blood which produces high-yield, specific enrich- 
ment of breast tumor cells from circulating bodily fluids. This can be accomplished by 

IS application of the methods of the present invention to detection of metastatic breast 
tumor cells from such fluids. 

The present invention relates to methods of rapid and high yield isolation or enrich- 
ment of breast tumor cell populations from cell sources or cell mixtures, based on 
density gradient centrifugation. More specifically, the present invention relates to the 

20 use of a specially designed cell-trap centrifugation tube containing a precisely deter- 
mined density of a density gradient solution and a manner of collecting the desired cell 
population which maximizes yield. The method of die present invention may be used to 
increase the sensitivity of breast tumor detection by enriching the tumor cells from a 
cell source, e.g. whole blood, prior to the use of molecular or cellular detection 

25 techniques. In combination with tumor-specific antibodies and density adjusted cell 

sorting, this method allows the purging of tumor cells from a bone marrow or peripher- 
al blood stem cell graft 

Hie present invention demonstrates that proper adjustments of a gradient material to 
a specific density, osmolality and pH greatly enhance cell separation. For the enrich- 

30 man of breast tumor cells, a gradient should be adjusted to a density of 1 .0490 to 
1.0580 ± 0.0005 gr/ml, depending upon the specific type of breast tumor cell, a 
physiologic osmolality of 270-290 mOsm/kg H 3 0 and physiologic pH 6.8-7.8. In a 
specific embodiment by way of examples, breast tumor cells are directly loaded into a 
cell-trap centrifugation tube containing an appropriate cell separation medium, such as 
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"PERCOLL" solution filled to a level above the constriction. In the specific examples 
described herein, successful enrichment of tumor cells was carried out on "PERCOLL* 
density gradient material which had been adjusted to the specific density of between 
1.0490 to 1.0580 ± 0.0002 gr/ml, depending upon the specific type of breast tumor 
cell, osmolality of 280 mOsm/kg Hjp and pH 7.4. The density of the "PERCOLL* 
solution may be adjusted on a densitometer to precisely define its accuracy, as described 
in Section 5.I.B. 

The cells enriched by the methods described in Example 3 may subsequently be 
examined for the presence of breast tumor cells. The resultant yield of isolated or 
enriched cells from the cell separation methods of the present invention may be used for 
diagnostic purposes, e.g. morphological, molecular, biochemical or immunophenotypic 
assays. For example, DNA may be prepared from the collected cells and subjected to 
polymerase chain reaction (PCR) or the collected cells may be assessed morphologically 
thereby avoiding the use of invasive and expensive surgical procedures heretofore relied 
upon for such a determination. 

Various breast tumor antigens and breast tumor markers are known to those of skill 
in the art or are commercially available including but not limited to cathepsin D 
(Westley et a/., 1980), EGF-R (Osborne et a/., 1980), estrogen receptor (Gorski et a/., 
1966), Ki-67 (Gerdes et al. 9 1983), progesterone receptor (Horowitz et a/., 1983), and 
TGF-o, associated with breast cancer. Antibodies directed to these antigens or markers 
may be used to assess the tumor type of collected cells. 

A major advantage of the methods described herein is that a large volume of 
complete blood may be directly placed on the density gradient. Peripheral blood may 
be collected in anti-coagulant-containing tubes or by apheresis or leukopheresis. 
Complete blood does not need to be processed or diluted prior to centrifugation. 
However, since the methods enrich breast tumor cells based on their specific buoyant 
density, h is important that the cells are subject to separation within a relatively short 
time after their collection from an in yivo source because the density of the cells 
changes according to their culture or storage conditions, lljerefbre, in order to obtain 
optimal enrichment of breast tumor cells from blood, it is preferred that the blood 
samples are used within 48 hours after their collection. Most preferably, blood samples 
should be subjected to density gradient centrifugation within several hours of collection. 

The densities of four breast tumor cell types, derived from tumor cell lines, were 
determined using "PERCOLL" discontinuous density gradient system (Figures 17A- 
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17D). Hie cells were collected from each of the interfaces and counted in a hemocy- 
tometer. The results showed that 30 to 60% of die tumor cells have a density equal to 
or higher than 1.0580 g/ml (Figure 18A-18D). This implies that the fraction containing 
tumor cells was between 10 and 80% pure. Of the cells collected in a specific density 

5 of 1.0580, approximately 75 to 85% of die total cells were tumor cells, while approxi- 
mately 10% of the total cell volume was a contaminant. This implies that the detection 
limit of the assay is improved approximately 10 times from 1/10 6 to 1/10 5 . 

When radioactively labeled breast tumor cells were mixed with a peripheral blood 
buffy coat, up to 80% of them could be retained by centrifoging the mixture on a 

10 1.0580 gr/ml, 280 mOsm gradient. In addition, only a small fraction (< 10% of initial 
cell number) of non-tumor cells contaminated the collected tumor fraction. 

The density ranges shown in Figures 17A-17D and 18A-18D, obtained from using 
cultured breast tumor cells, are likely to be applicable to breast tumor cells obtained 
from in vivo sources. It will be apparent to those of skill in the art that slight variations 

15 in the densities of various breast tumor cells from in vtvo sources may necessitate 

refinement of the exact density necessary to achieve optimum enrichment. Methods for 
determining specific densities with an accuracy of ± 0.0002 gr/ml are disclosed herein. 

The foregoing method may also be used in conjunction with the DACS procedure 
described herein. For example, complete blood can be directly incubated with carrier 

20 particle- coated-anti-CD45 antibodies which react with most leukocytes. Since breast 
tumor cells do not react with anti-CD45 to any significant degree, the vast majority of 
the non-red blood cells, leukocytes, and other cells are rendered heavier than die density 
material and pellet during centrifugation, while the breast tumor cells remain in the 
upper compartment. A variety of other cell type-specific binding agents may be used 

25 to target specific cell types in the blood, as discussed in the previous sections. 

Alternatively, the positive selection DACS procedure may be used to cause die 
breast tumor cells to be heavier than their normal density so that they are pelleted 
during centrifugation. Cell type-specific binding agents useful in the positive selection 
procedure include, but are not limited to antibodies to breast tumor antigens and 

30 antibodies to breast tumor markers, e.g. CA 15-3 (Kufe ex a/., 1984), CA 549 (Bray et 
al. f 1987), cathepsin D (Westley et al. 9 1980), EGF-R (Osborne et a/., 1980), estrogen 
receptor (Gorski et a/., 1966), Ki-67 (Gerdes et a/., 1983), progesterone receptor 
(Horowitz et a/., 1983), and TGF-a, associated with breast cancer. Many of these 
antibodies are commercially available. 
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The cells enriched by the methods described herein can subsequently be examined 
for the presence of breast tumor cells. The resultant yield of isolated or enriched cells 
from the cell separation methods of die present invention may be used for diagnostic 
purposes, e.g. morphological, molecular, biochemical or immunophenotypic assays. 
5 For example, DNA may be prepared from the collected cells and subjected to polymer- 
ase chain reaction (PGR) or the collected cells may be assessed morphologically thereby 
avoiding the use of invasive and expensive surgical procedures heretofore relied upon 
for such a determination. Alternatively, tumor cells can be identified by the presence of 
tumor cell markers known to those of skill in the art, including but not limited to 

10 cathepsin D (Wesdey et al. , 1980), EGF-R (Osborne et al. 9 1980), estrogen receptor 
(Gorski et al., 1966), Ki-67 (Gerdes et al., 1983), progesterone receptor (Horowitz et 
al. 9 1983), and TGF-or, associated with breast cancer. Antibodies directed to these 
antigens or markers may be used to assess the tumor type of collected cells. 

The present invention is not to be limited in scope by the exemplified embodiments, 

15 which are intended as illustrations of individual aspects of the invention. Indeed, 

various modifications for the invention in addition to those shown and described herein 
will become apparent to those skilled in the art from the foregoing description and 
accompanying drawings. Such modifications are intended to fall within the scope of the 
appended claims. 

20 

6. EXAMELES 

EXAMPLE 1 

ISOLATION OF NT in .FATED RED BLOOD CELLS 
FROM MATERNAL BLOOD 

25 

A. PREPARATION OF DENSITY fiPADTFNTS 

"PERCOLL" solution was purchased from Pharmacia Biotech (Uppsala, Sweden) 
and stored at 4°C according to the recommendation of the vendor. A stock solution 

30 was prepared by mixing 12 parts of "PERCOLL- with 1 part of 10 x calcium and 

magnesium-free phosphate buffered saline (PBS). The pH of the solution was adjusted 
to 7.4 and the osmolality to 280 ± 10 mOsm/Kg H 2 0. For use in separating fetal 
nucleated red blood cells in a blood sample, die stock solution was further diluted with 
calcium and magnesium-free PBS to a density of 1.0720 ± 0.0005 gr/ml and used at 

35 room temperature. It was important to adjust the density of the gradient to an accuracy 
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within ± 0.0005 gr/ml, preferably within 0.0002 gr/ml of 1.0720 gr/ml in order to 
ensure reproducibility and accuracy of cell separation. This was done by a high 
precision digital density meter such as DMA 48 (Anton PAAR USA, Ashland, VA). 
All procedures were performed under sterile conditions and at room temperature. 

5 

B. COLLECTION AND PROCESSING OF BLOOD SAMPLES 

Peripheral blood was collected from pregnant females in anti-coagulant-containing 
tubes. The collection was performed before week 20 of pregnancy because die number 
of fetal cells circulating in maternal blood generally began to decline after week 17 of 
10 pregnancy. An optimal collection time is week 13. After collection, the blood samples 
were processed within 48 hours. 

C. 1 . DENSITY GRADIENT CENTRIFUGATION OF PERIPHERAL BLOOD 

Complete blood samples were layered on a "PERCOLL" cell separation medium 

IS previously adjusted to a density of 1.0720 ± 0.0002 gr/ml, an osmolality of 280 

mOsm/Kg H 3 O t and a pH of 7.4 in a SO ml conical cell-trap tube. The tube contained 
a constriction in a location so that approximately 15ml of "PERCOLL" was in the lower 
compartment and 5ml of "PERCOLL" was above the constriction. Generally, 20 ml of 
blood samples were layered on top of this gradient. The tube was centrifuged at 850 x 

20 g for 30 minutes at room temperature. The cells lodged at the interface of the gradient; 
i.e., on top of "PERCOLL," were collected by pouring the entire content of the upper 
compartment of the tube into another 50 ml tube. The cell pellet and associated liquid 
in the region below the constriction remained therein when the tube was inverted. After 
centrifugation at 650 x g for 10 minutes at room temperature, the fluid on top of the 

25 pellet was removed with a pipette, and the cells in die pellet resuspended in PBS. Since 
this low speed centrifugation step was primarily used to concentrate the cells of interest 
into a pellet, while removing cell debris and platelets in the upper region, a cell-trap 
could also be used to facilitate this step. In this alternative embodiment, a modified 
50ml cell-trap tube was used in which the constriction was placed near the bottom of the 

30 tube so that a small volume of about 0.5ml was below it. This design would protect the 
pellet and reduce cell loss during removal of the fluid above die pellet after centrifuga- 
tion. This specific feature would also allow the method of the invention to be used in 
an automated fashion without the need for a subsequent cell sorting step, which was 
performed to reduce contaminating cells, particularly platelets. 
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Hie cell separation method described above was compared with conventional 
methods, and the following procedure was also carried out as a control. This procedure 
was similar to previously published methods known in the art (Bianchi et al., 1990, 
Proc. Natl. Acad. Sci. USA 87:3270V 
5 The blood sample was collected as described above and diluted 1:4 in PBS. The 

diluted blood was layered on "FICOLL-HYPAQUE" (Pharmacia) in 4 different 15 ml 
tubes. The density of the stock "HCOLL" solution was at 1.077± 0.001 gr/ml and the 
osmolality at 320 mOsm/kg H 3 0 as published by Pharmacia. The tubes were centri- 
fuged at 850 x g for 20 minutes at room temperature. Hie cells at the interface above 
10 the "FICOLL" were collected with a pipette and transferred to two 15 ml tubes. The 
tubes were filled to the top with PBS and spun at 650 x g for 10 minutes at room 
temperature. The fluid on top of the pellet was aspirated with a pipette, and the pellet 
resuspended in PBS. In addition, experiments were also performed using cell-trap tubes 
with "FICOLL" solution in an effort to increase cell yield. 

15 

C. 2 AFFINITY SEPARATION BY A MAGNETIC? FIELD 

The fetal nucleated red blood cells resuspended in PBS after density gradient 
centrifiigation described above were further enriched through removal of CD45* 
leukocytes by incubating the cells with an anti-CD45 monoclonal antibody (clone ALB- 

20 12) (Biodesign International, Kennebunk, ME) for 30 minutes at 4°C. The unbound 
antibodies were removed by washing the cells in PBS. A goat-anti-mouse antibody 
conjugated to magnetic particles (Immunocon) was added to the cells for 30 minutes at 
4°C. The cells were washed in PBS and exposed to a magnetic field which attracted 
the magnetic particle-coated CD45+ leukocytes, while the fetal nucleated erythroid and 

25 trophoblast cells remained in solution. The fetal cells were collected with a pipette and 
washed once in PBS. The cells were then tested by antibody staining and flow cytome- 
tric analysis to determine the number of nucleated red blood cells. 

D. l DENSITY ADJUSTED CELL SORTING 

30 Complete blood collected from pregnant females was incubated with 1.4/t aminopro- 

pyl glass beads (Bangs Laboratories Inc., Camel, IN) that were glutaraldehyde coated 
with an anti-CD45 antibody (ALB-12) for 45 minutes at room temperature. The entire 
blood cell mixture was layered on "PERCOLL" (1.0720 ± 0.0002 gr/ml, 280 
mOsm/Kg H 2 0, pH 7.4) in a 50 ml cell-trap tube. The tube contained about 15ml of 
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"PERCOLL" below the constriction and about 5ml above it. It was critical to com- 
pletely fill the volume under the constriction with "PERCOLL" to prevent the formation 
of air bubbles. The tube was centrifuged at 850 x g for 30 minutes at room tempera- 
ture. The leukocyte-depleted cell population was collected from die interface above the 
5 "PERCOLL" by pouring off the entire upper region of the tube into a 50 ml tube. The 
cells were spun at 650 x g for 10 minutes at room temperature, and the fluid on top of 
the pellet removed with a pipette. The cells in the pellet were resuspended in PBS. 

Alternatively, the second centrifugation step can be carried out in a modified cell- 
trap tube as described in Section 5.2 supra. Additionally, a second density adjusted cell 
10 sorting could also be performed using antibodies such as anti-CD41 to specifically 
remove platelets. 

D.2. ANTIBODY STAINING AND FLOW 
CYTOMETRIC ANALYSIS 

15 The leukocyte-depleted cell population in PBS were treated with the DNA dye LDS 

751 (Exciton, Inc., Dayton, OH)and erythroid lineage specific FITC-conjugated 
monoclonal antibodies such as anti-glycophorin A and anti-CD71 (Becton Dickinson, 
Inc., San Jose, CA). The LDS 751 dye distinguished between nucleated and a nucleat- 
ed cell. One million cells were incubated with 10/d antibodies for 30 minutes at 4°C in 

20 the presence of 5% rabbit serum and LDS 751. The cells were washed twice with PBS 
and fixed in 1% paraformaldehyde. The antibody-bound cells were analyzed by flow 
cytometry for which statistical analysis was performed on 10 4 flow events using a 
FACSScan system equipped with a LYSYS II program. 

25 EXAMPLE? 

ENRICHMENT OF CD34+ CELLS FROM BLOOD CELL MIXTURE 
A. PREPARATION OF DENSITY GRADIENTS 

"PERCOLL" solution was purchased from Pharmacia Biotech (Uppsala, Sweden) 
and stored at 4°C according to the recommendation of the vendor. A stock solution 

30 was prepared by mixing 12 parts of "PERCOLL" with 1 part of 10 x calcium and 

magnesium-free phosphate buffered saline (PBS). The pH of the solution was adjusted 
to 7.4 and die osmolality to 280 mOsm/Kg H,0. For use in separating CD34+ cells in 
a cell mixture, the stock solution was further diluted with calcium and magnesium-free 
PBS to a density of 1.0605 ± 0.0005 gr/ml and used at room temperature. It was 

35 crucial to adjust the density of the gradient to an accuracy of within ± 0.0005 gr/ml of 
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1.0605 gr/ml in order to ensure reproducibility and accuracy of cell separation. This 
was done by a high precision digital density meter such as DMA 48 (Anton PAAR 
USA, Ashland, VA). All procedures were performed under sterile conditions and at 
room temperature. 

5 

B. COLLECTION OF PERIPHERAL BLOOD AND BONR MARROW 
Patients were hydrated and treated with cyclophosphamide (4 gm/m 3 ) administered 
by intravenous (IV) infusion over two hours through a central venous catheter. Twenty- 
four hours after the completion of the cyclophosphamide infusion, patients are treated 
10 with G-CSF (Neupogen, Amgen, Thousand Oaks, CA) administered by subcutaneous 
(SC) injection at a dose of approximately 10 pg/kg/d. Apheresis was initiated upon 
recovery of the white blood cell count (WBC) to equal or more than 1 x 10VL. 
Apheresis was performed using a Cobe Spectra Cell Separator (Lakewood, Colorado) at 
a rate of 80 ml/mln for 200 min (total volume of 16 L). 

15 

C DENSITY GRADIENT CENTRTFUGATTQN OF 

APHERSED BLOOD AND BONE MARROW BUFFY COATS 

Apheresed peripheral blood was applied directly onto the density gradient. 

However, complete blood and bone marrow aspirates were processed to a buffy coat 

20 (removal of red cells) before they were applied onto the density gradient. 

Apheresed blood or bone marrow buffy coat samples were layered on a "PER- 
COLL" gradient previously adjusted to a density of 1.0605 ± 0.0005 gr/ml, an 
osmolality of 280 mOsm/Kg H 2 0, and a pH of 7.4 in a 50 ml conical cell-trap tube or a 
commercially available tube. The cell-trap tube contained a constriction in a location so 

25 that approximately 15ml of "PERCOLL" was in the lower compartment and 5ml of 
"PERCOLL" was above the constriction. It was critical to completely fill the volume 
under the constriction with "PERCOLL" to prevent the formation of air bubbles. 
Generally, 20ml of apheresed blood samples were layered on top of this gradient. The 
tube was centrifoged at 850 x g for 30 minutes at room temperature. The cells lodged 

30 at die interface of the gradient; Le. , on top of "PERCOLL," were collected by pouring 
die entire content of the upper compartment of the tube into another 50 ml tube. The 
cell pellet in die region below the constriction were prevented from pouring off when 
the tube was inverted. 

In order to compare the cell separation method described in the preceding paragraph 

35 with conventional methods, the test samples were also was layered on "FICOLL- 
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HYPAQUE" (Pharmacia). The density of the stock "FICOLL" solution was at 1.077± 
0.001 gr/ml and die osmolality at 320 mOsm/kg H 3 0 as published by the vendor. 
D. DENSITY ADJUSTED CELL SORTING 

Apheresed blood product was incubated with 1.4/i aminopropyl glass beads (Bangs 
5 Laboratories Inc., Cannel, IN) that were glutaraldehyde coated with an anti-CD4S 

antibody (clone ALB-12, Biodesign International, Kennebunk, ME) for 45 minutes at 
room temperature. The entire blood cell mixture was layered on "PERCOLL" (1.0605 
± 0.0005 gr/ml, 280 mOsm/Kg H 2 0, pH 7.4) in a 50 ml tube. 



10 E. CONJUGATION QF MONOCLONAL 

ANTIBODIES TO CARRIER PARTICLES 

Phycoerythrin-conjugated (PE) anti-CD34 monoclonal antibodies hematopoietic 

progenitor cell marker) and fluorescein-conjugated (FTTC) anti-CD45 monoclonal 

antibodies (pan-leukocyte marker) were obtained from Becton Dickinson, Inc. (San 

15 Jose, CA). Unconjugated antibodies directed to CD45, CD16 (granulocytes, mono- 
cytes), CD3 (T cells), CD14 (monocytes) were prepared in the laboratory, according to 
methods well known in the art. 

Antibodies were conjugated to either goat anti-mouse coated magnetic beads or to 
goat anti-mouse coated aminopropyl glass beads by overnight incubation at room 

20 temperature. Alternatively, the antibodies could be bound directly to these beads 
without die goat anti-mouse bridge or could be bound via an avidin-biotin coupling 
reaction. In addition the antibodies could be cleaved into Fab2 fragments in order to 
reduce non-specific binding of cells to the beads via their Fc portion. 

25 F. ANTIBODY STAINING AND 

FLOW CYTOMETRIC ANALYSIS 

Cells were incubated with 10/iL of an antibody and the DNA dye LDS 751 (Exciton 

Inc., Dayton OH) per 10* cells for 30 min. on ice in the presence of 5% rabbit serum. 

Rabbit serum was used to reduce non-specific binding to the cells. The cells were 

30 washed twice with PBS and subsequently fixed with 1 % paraformaldehyde. Statistical 

analysis was performed on 10* flow events using a FACSScan flow cytometry system 

equipped with a LYSYS II program. 
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G. COLONY FORMING (CFU) ASSAY/FUNCTIONAL 
DETERMINATION OF COMMITTED CD34+ CELLS 

The functional characteristics of the CD34+ cells in a cell sample was determined by 
the colony formation assay (CFU). This assay allowed the quantification of die number 
5 of committed hematopoietic progenitor cells in the cell solution. 10 5 cells were mixed 
in 2mL semi-solid methyl cellulose containing different colony stimulating factors and 
erythropoietin (Terry Fox Laboratories, Vancouver). The entire mixture was incubated 
for 14 days at 37°C. The number of erythroid (CFU-E, BFU-E), granulo- 
cyte/macrophage (CFU-GM) and mixed (CFU-GEMM) colonies were counted under an 
10 inverted microscope (4Qx). 

H. LONG TERM CULTURE INITI ATING CELL 
(LTC-IQ ASSAY/FUNCTIONAL DETERMINATION 
OF UNCOMMITTED CTO4+ CELLS 

IS The number of uncommitted hematopoietic progenitor cells in a cell mixture was 

determined by the long term culture initiating culture. The cells were seeded on an 
irradiated stroma feeder layer and a determination of CFU's was made in function of 
time. Hematopoietic stem cells were able to self-renew and gave rise to CFU's in this 
system for a period that exceeded 5 weeks. Long term bone marrow stromal cultures 

20 were initiated in 96 well plates (10* cells in 200 jd per well) in cr-MEM medium 

supplemented with 12.5% horse serum, 12.5% fetal calf serum, 2 mM L-glutamine, 0.2 
mM i-inositol, 20 pM folic acid, 10"* M 2-mercaptoethanoI and were kept at 33°C in a 
humidified atmosphere. At weekly intervals, half the medium was removed and 
replaced by an equal volume of fresh medium. After 2 weeks of culture, die confluent 

25 stroma layers were gamma irradiated (2000 rad) to kill endogenous hematopoietic cells. 
Unfractionated samples and cell preparations after separation were seeded onto the 

0 

irradiated stroma layers in the same medium supplemented with 10*M hydrocortisone. 
After five weeks of culture the adherent and non-adherent cells were collected and 
screened in the CFU assay as in Part G, above. 

30 

I. NATURAL KILLER fNlO CELL ASSAY 

K562 target cells were labeled with 100 pCi 5l Cr for 1 hour at 37'C and then 
washed four times and counted. The target cells were co-cultured for 4 hours in V- 
bottom 96 well multiwell plates with unfractionated apheresed blood and cells from the 
35 different fractions after cell separation. Effector and target cells were mixed at different 
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ratios, 100:1, 50:1, 25:1 and 12:1. For example, die 100:1 ratio contained 5x10 s 
effector cells and 5x10 s target cells. After the incubation period, 100/d of the superna- 
tant was harvested and counted in a scintillation counter. Maximal and spontaneous 
5I Cr release was measured counting either 50/xl of the stock target solution and superna- 
tant from the effectors by themselves, respectively. The percent cytotoxicity was 
determined according to formula: 

cpm experiment - cpm spontaneous rtUase 



10 Percent Cytotoxicity « cpm maxima release - cpm spontaneous release 

J. MIXED LYMPHOCYTE CULTURE AND 
NATURAL SUPPRESSOR CEL L ACTIVITY 

Cells from two different buffy coats were mixed in a flat bottom 96 well multiwell 

15 plate at 10 s cells of each. One of the buffy coats received 3000 rad and was referred to 

as the /stimulators". The other buffy coat was used untreated and referred to as 

"responders." Unfractionated apheresed peripheral blood products (APBL) or cells 

from the different density fractions were added to these co-cultures at 10 s cells per well. 

These cells were referred to as "suppressors" and received 1500 rad prior to being 

20 added to the MLR. Hie cells were cultured for 5 days and then pulsed with [*H> 

thymidine (1 pCi/wdl). 18 hours later, the cells were harvested and the amount of 

thymidine incorporated determined in a scintillation counter. The percent suppression 

induced by the suppressor cells was determined by die formula: 

25 cpm control - cpm experiment 



Percent Suppression - cpm experiment 



30 EXAMPLE 3 

DETERMINATION OF DENSITY OF BREAST TUM OR CELL DENSITY AKH 
THEIR ENRICHMENT BY DENSITY GR ADIENT CENTRIFUGATION 



35 



Cells were incubated with *H thymidine for 24 hours under standard culture 
conditions according to methods known in the art. The cells were mixed with buffy 
coat from peripheral blood. 



WO 96/07097 



PCT/US9S/1U69 



49 

A. PREPARATION OF DENSITY GRADIENTS 

"PERCOLL" solution was purchased from Pharmacia Biotech (Uppsala, Sweden) 
and stored at 4°C according to the recommendation of the vendor. A stock solution 
was prepared by mixing 12 parts of "PERCOLL" with 1 part of 10 x calcium and 
5 magnesium-free phosphate buffered saline (PBS). The pH of the solution was adjusted 
to 7.4 and the osmolality to 280 mOsm/Kg H a O. For use in enriching breast tumor 
cells obtained from in vitro cell lines in a cell mixture, the stock solution was further 
diluted with calcium and magnesium-free PBS into five different fractions with respec- 
tive densities of 1.0490, 1.0S20, 1.0550, 1.0580, and 1.0610 and used at room 
10 temperature. It was crucial to adjust the density of the gradient with an accuracy of ± 
0.0002 gr/ml point in order to ensure reproducibility and accuracy of cell separation. 
This was done by a high precision digital density meter such as DMA 48 (Anton PAAR 
USA, Ashland, VA). All procedures were performed under sterile conditions and at 
room temperature. 

15 

B. DENSITY GRADIENT CENTRIFI JO ATYON 

Radioactively labeled breast cancer cells were mixed with a buffy coat from a 
healthy donor and centrifuged on the discontinuous gradient. Cell mixtures containing 
the breast tumor cells from cell lines 30 HTB, 126 HTB, 1500 CRL and 1504 CRL 

20 were layered on a "PERCOLL" gradients previously adjusted to a densities in the range 
of 1.0490-1.0610, ± 0.0002 gr/ml, an osmolality of 280 mOsm/Kg H 2 0, and a pH of 
7.4 in a 50 ml conical cell-trap tube. The tube contained a constriction in a location so 
that approximately 15 ml of "PERCOLL" was in the lower compartment and 50 ml of 
"PERCOLL" was above the constriction. It was critical to completely fill the volume 

25 under the constriction with "PERCOLL" to prevent die formation of air bubbles. 

Generally, 20 ml of cell samples were layered on top of this gradient. The tube was 
centrifuged at 850 x g for 30 minutes at room temperature. The cells lodged at the 
interface of the gradient; i.e., on top of "PERCOLL," were collected by pouring the 
entire content of the upper compartment of the tube into another 50 ml tube. The cell 

30 pellet in the compartment below the constriction were prevented from pouring off when 
the tube was inverted. After centrifugation at 650 x g for 10 minutes at room tempera- 
ture, the fluid on top of the pellet was removed with a pipette, and die cells in the pellet 
resuspended in PBS. Since this low speed centrifugation step was primarily used to 
concentrate the cells of interest into a pellet, while removing cell debris and platelets in 
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the fluid, a cell-trap could also be used to facilitate this step. In this alternative 
embodiment, a modified SO ml cell-trap tube was used in which the constriction was 
placed near the bottom of the tube so that a small volume of about 0.5 ml was below it. 
This design protects the pellet and reduces call loss during removal of the fluid above 
5 the pellet after centrifugation. This specific feature would allow the method of the 
invention to be automated without the need for cell sorting. 

EXAMPLE 4 

PREPARATION OF CARRIER PARTICLES 

10 

A. PREPARATION OF BEADS 

Silica beads (1.4 microns) obtained from Bangs Laboratories, Carmel, IN were 
washed with concentrated HC1 for 2 hours at room temperature and vortexed intensely 

15 every 15 minutes to break up bead clumps. After washing, the beads were centrifuged 
at 850 g for 5 minutes. The HC1 containing supernatant was decanted and the beads 
were washed with deionized H 3 0 with intensive vortexing to break up the clumps. 

The beads were incubated at room temperature overnight in concentrated nitric acid 
with constant stirring using a magnetic stirrer. The beads were then centrifuged at 850 

20 g for 5 minutes and washed 3 times with deionized water, using 50 ml of deionized 
H 2 0 at each step. The beads were vortexed intensely in between each wash to avoid 
bead clumping. To prevent microbacterial contamination, the beads were stored at 0-4 
degrees centigrade in deionized H 2 0 until further use. 

25 B. SILANIZATTON OF THE BEADS 

To silanize the beads, either 3-aminopropyltriethoxysilane, (3-iodopropyl)triineth- 
oxysilane or [l-9trimethoxysiIyl)-2(m-(or p) chloromethyl)phenyl] ethane were used. 
Forty mis of silane solution (a 10% solution in 95% ethanol/deionized H 3 0) was added 
per 4 gr of beads. The bead mixture was rotated end over end for 1 hour at room 

30 temperature. The beads were centrifuged at 850 g for 5 minutes and the excess silane 
was washed off using 95% ethanol/deionized H 2 0 in a volume of 100 ml. The beads 
were vortexed intensely in between each wash step to avoid bead clumping. After the 
washing step, the beads can be dried and stored. Alternatively the beads can be stored 
in 95% ethanol/deionized H 3 0 in the cold which prevents clumping of the beads. 



35 
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C. ANTIBODY COUPLING TO THE AMINQPRQPYL GLASS 
The silanized beads were incubated overnight in 2.5% glutaraldehyde at room 
temperature. The next day, the beads were centrifuged at 850 g for 5 minutes and the 
free glutaraldehyde was washed off with deionized H 2 0 in a volume of 100 ml per 5 gr 
beads. The beads were vortexed intensely in between each wash step to avoid bead 
clumping. 

The antibody was added to the aminopropyl beads in an excess, at least 3 mg/m 2 
total bead surface and rotated end over end overnight at room temperature. The next 
day, the beads were centrifuged at 850 g for 5 minutes and the free protein was washed 
off with 100 ml of deionized H 2 0. The beads were vortexed intensely in between each 
wash step to avoid bead clumping. The beads were stored in deionized H,0 containing 
0.1 sodium azide in the cold. The final bead suspension should contain 70-90% single 
beads and 10-30% predominantly duplet and triplet beads. 

The binding efficiency of the antibody conjugated beads (in terms of the percent of 
beads that are coated) can be determined using flow cytometric analysis and a fluores- 
ceinated antibody directed to the coupled antibody. Alternatively, the antibody may be 
added to the silanized beads directly without the glutaraldehyde linking. 

Hie present invention is not to be limited in scope by the exemplified embodiments, 
which are intended as illustrations of individual aspects of the invention. Indeed, 
various modifications for the invention in addition to those shown and described herein 
will become apparent to those skilled in the art from the foregoing description and 
accompanying drawings. Such modifications are intended to fall within the scope of the 
appended claims. 

All publications cited herein are incorporated by reference in their entirety. 
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WHAT IS CLAIMED IS: 

1. A cell-separation apparatus, comprising: 
5 a centrifugation tube having side walls and a closed bottom; 

a constriction member disposed within the tube, said constriction member posi- 
tioned and constructed to retain fluid in the bottom portion of the tube below die 
constriction member, when the tube is inverted, and 

a cell-separation medium contained in the bottom portion of the tube and extending 
10 above said constriction member to a level above an opening formed by said constriction 
member, such that cells which are captured at an interface between the cell-separation 
medium and a lower-density medium, after centrifugation, are discharged with the 
lower-density medium when die tube is inverted. 

15 2. The apparatus of claim 1, wherein said constriction member defines one or more 

downwardly sloped surfaces having lower edge regions defining a constricted opening. 

3. The apparatus of claim 1, wherein said constriction element is an annulus having 
a central constricted opening. 

20 

4. The apparatus of claim 3, wherein said annulus is an elastomeric annulus 
constructed for forced fit into the tube at a selected tube level. 

5. The apparatus of claim 1, wherein said constriction member defines a plurality 
25 of openings. 

6. The apparatus of claim 1, wherein said tube includes a closed top, and a port in 
said top through which fluid material can be introduced into the tube. 

30 7. The apparatus of claim 6, which further includes a second port in said top and a 

closed fluid channel communicating the second port with the bottom of the tube below 
said constriction member. 
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8. The apparatus of claim 1, for use in isolating CD34* hematopoietic progenitor 
cells, wherein the specific density of said cell separation medium is within .±.0.0005 of 
the specific density of said CD34+ hematopoietic progenitor cells. 

5 9. The apparatus of claim 8, wherein said cell separation medium has an osmolality 

of 280±10 mOsm/kg H 3 0 and a specific density of 1.0605 gr/ml. 

10. The apparatus of claim 1, for use in isolating nucleated fetal cells from a cell 
mixture also containing maternal blood cells, wherein the specific density of said cell 

10 separation medium is within ±0.0005 of the specific density of said fetal cells. 

11. The apparatus of claim 10, wherein the cell separation medium has an osmolal- 
ity of 280±10 mOsm/kg H 2 0 and a specific density of 1.0720 gr/ml. 

15 12. The apparatus of claim 1, for use in isolating breast tumor cells from a cell 

mixture, wherein die cell separation medium has an osmolality of 280±10 mOsm/kg 
H 2 0 and a specific density selected from the range 1.0490-1.0580 gr/ml. 

13. A method of isolating a selected cell from a cell mixture containing one or 
20 more other cell types with densities different from that of the selected cell type, 

comprising 

adding to a centrifugation apparatus defined by any of claims 1-7 and containing a 
cell-separation medium having a specific density that is within ±0.0005 gr/ml of die 
specific density of die selected cell type, a cell mixture containing the selected cell type, 
25 centrifuging said apparatus at a gravitational force sufficient to pellet cells having 

specific densities greater than die specific density of the density gradient material in said 
tube, and 

collecting from (he upper portion of said tube of said apparatus a cell fraction 
containing die selected cell. 

30 

14. The method of claim 13, wherein said collecting is by decantation from the 
device of medium present in the upper portion of die device. 
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15. The method of claim 13, further comprising incubating said cell mixture with a 
cell type-specific binding agent linked to carrier particles prior to centrifugation, said 
particles having a specific density that is at least 0.001 gr/ml greater than the specific 
density of said cell separation medium. 

5 

16. The method of Claim 15, wherein said cell-type specific binding agent does not 
bind to said selected cell type. 

17. The method of claim 13, for enriching CD34+ cells from a cell mixture, 

10 wherein said cell separation medium has an osmolality of 280±10 mOsm/kg H 2 0 and a 
specific density of 1.0605±0.0002 gr/ml. 

18. The method of claim 13, for use in isolating nucleated fetal cells from a cell 
mixture also containing maternal blood cells, wherein said cell separation medium has 

15 an osmolality of 280±10 mOsm/kg H 2 0 and a specific density of 1 .0720±0.0002 
gr/ml. 

19. The method of claim 13, for use in isolating breast tumor cells from a cell 
mixture, wherein said cell separation medium has an osmolality of 280.±10 mOsm/kg 

20 H 3 0 and a specific density selected from the range 1 .0490-1 .0580 gr/ml. 

20. A method of isolating CD34* cells from a cell mixture, comprising 
layering die cell mixture onto a cell separation medium in a centrifuge tube, said 

cell separation medium having a specific density of 1.0605±0.0005 gr/ml and an 
25 osmolarity of 280±10 mOsm/kg H,0, 

centrifuging said centrifuge tube at a gravitational force sufficient to pellet cells 
having a specific density of greater than the specific density of said separation medium, 
and 

collecting said CD34+ cells from the upper portion of said tube. 

30 

21. A method of isolating nucleated fetal cells from a cell mixture, comprising 
layering the cell mixture onto a cell separation medium in a centrifuge tube, said 

cell separation medium having a specific density of 1.0720^.0.0005 gr/ml and an 
osmolarity of 280+10 mOsm/kg H 2 0, 
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centrifuging said centrifuge tube at a gravitational force sufficient to pellet cells 
having a specific density of greater than said specific density of said separation medium, 
and 

collecting said fetal cells from die upper portion of said tube. 

5 

22. A method of isolating breast tumor cells from a cell mixture, comprising 
layering the cell mixture onto a cell separation medium in a centrifuge tube, said 

cell separation medium having a specific density selected from the range 1.0490-1.0580 

gr/ml and an osmolality of 280±10 mOsm/kg H 2 0, 
10 centrifuging said centrifuge tube at a gravitational force sufficient to pellet cells 

having a specific density of greater than said specific density of said separation medium, 

and 

collecting said breast tumor cells from the upper portion of said tube. 

15 23. A method of isolating natural killer cells from a cell mixture, comprising 

layering the cell mixture onto a cell separation medium in a centrifuge tube, said 
cell separation medium having a specific density of 1.0605±0.0005 gr/ml and an 
osmolarity of 280±10 mOsm/kg H 2 0, 

centrifuging said centrifuge tube at a gravitational force sufficient to pellet cells 
20 having a specific density of greater than said specific density of said separation medium, 
and 

collecting said natural killer cells from the upper portion of said tube. 
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AMENDED CLAIMS 
[received by the International Bureau on 18 March 1996 (18.03.96); 
original claim 1 amended; remaining claims unchanged (1 page)] 

1. A cell-separation apparatus, comprising: 
5 a centrifugation tube having side walls and a closed bottom; 

a constriction member disposed within the tube, said constriction member posi- 
tioned and constructed to retain fluid in the bottom portion of the tube below the 
constriction member, when the tube is inverted, and 

a cell-separation medium contained in the bottom portion of the tube and, prior to 
10 centrifugation of said tube, extending above said constriction member to a level above 
an opening formed by said constriction member, such that cells which are captured at 
an interface between the cell-separation medium and a lower-density medium, after 
centrifugation, are discharged with the lower-density medium when the tube is inverted. 

15 2. The apparatus of claim 1, wherein said constriction member defines one or more 

downwardly sloped surfaces having lower edge regions defining a constricted opening. 

3. The apparatus of claim 1, wherein said constriction element is an annulus having 
a central constricted opening. 

20 

4. The apparatus of claim 3, wherein said annulus is an elastomeric annulus 
constructed for forced fit into die tube at a selected tube level . 

5. The apparatus of claim 1, wherein said constriction member defines a plurality 
25 of openings. 

6. The apparatus of claim 1, wherein said tube includes a closed top, and a port in 
said top through which fluid material can be introduced into the tube. 

30 7. The apparatus of claim 6, which further includes a second port in said top and a 

closed fluid channel communicating the second port with the bottom of the tube below 
said constriction member. 
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STATEMENT UNDER ARTICLE 19 



Claim l has been amended to bring out the feature that 
the cell separation medium contained within the tube extends 
above the constriction member in the tube prior to 
centrifugation of the tube. This contrasts with the 
disclosures of EP,A,0 198,462 (Assaf Pharmaceutical Ind.) 
and of US, A, 5 314 074 (Inbar Michael, et al.) in which 
separation medium is initially present only up to the level 
of the constriction (top of capillary bore in the Assaf 
reference or beneath the insert in the Inbar reference) . In 
the cited references, the centrifugation medium may rise 
above the level of the constriction member only after 
centrifugation of the tube and its contents. 
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